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INTRODUCTION: 


The  work  funded  by  this  grant  has  been  foeused  on  the  development  and  testing  of  novel  resuscitation 
approaches  to  the  combination  of  traumatic  brain  injury  (TBI)  and  hemorrhagic  shock  (HS)  (TBl+HS)  using  an 
experimental  model  in  mice.  The  problem  of  TBI  +  HS  has  taken  on  great  importance  in  the  wars  in  Iraq  and 
Afghanistan,  where  blast-induced  TBI  has  become  a  leading  cause  of  morbidity  and  mortality  for  our  soldiers. 
The  novel  nitroxide-based  resuscitation  fluids — ^polynitroxylated  albumin  (PNA)  and  polynitroxylated 
pegylated  hemoglobin  (PNPH)  combine — in  a  single  molecule — the  potential  contributions  of  efficient  volume 
expansion  by  a  colloid-  or  hemoglobin  (Hb)-based  solution  along  with  the  potent  antioxidant  effects  of  multiple 
nitroxide  moieties.  The  program  project  had  four  key  components,  #s  1-3  at  the  University  of  Pittsburgh  School 
of  Medicine/Camegie  Mellon  University,  Pittsburgh,  PA  and  #4  at  Synzyme  Technologies,  Irvine,  CA.  The 
research  sites  include  1)  the  Safar  Center  for  Resuscitation  Research,  University  of  Pittsburgh  (site  of  the 
experimental  TBU-HS  model,  Patrick  M.  Kochanek,  MD,  PI),  2)  the  Pittsburgh  NMR  Center  for  Biomedical 
Research,  Carnegie  Mellon  University  (site  of  in  vivo  testing  of  the  effects  of  TBI+HS  and  resuscitation  on 
cerebral  blood  flow  (CBF)  using  magnetic  resonance  imaging  (MRI),  Chien  Ho,  PhD,  PI),  3)  the  Pittsburgh 
Center  for  Free  Radical  and  Antioxidant  Health,  University  of  Pittsburgh  (using  a  battery  of  markers  of 
oxidative  stress  applied  in  brain  injury).  Valerian  Kagan,  PhD,  PI  and  Hulya  Bayir,  MD,  Co-I),  and  4)  SynZyme 
Technologies,  Irvine,  CA  (developer  of  the  nitroxide-based  solutions,  Carleton  Hsia,  PhD  and  Li  Ma,  PhD,  Pis). 

In  year  1,  a  reproducible  model  of  TBI+HS  in  mice  was  established.  Using  this  model,  HS  (90  min)  after  TBI 
markedly  increased  hippocampal  neuronal  death. 

In  years  1-2,  we  also  established  oxidative  lipidomics  methods.  In  year  2  we  studied  CBF  and  showed  that  it 
was  critically  reduced  during  TBI+HS.  In  year  2,  we  also  tested  several  small  volume  resuscitation  fluids 
including  Hextend  (HEX),  hypertonic  saline  (HTS),  and  PNA.  Both  PNA  and  HEX  required  smaller 
resuscitation  volumes  to  achieve  the  desired  target  mean  arterial  blood  pressure  (MAP)  than  Lactated  Ringers 
(LR)  or  HTS,  and  although  this  finding  could  be  valuable  in  reducing  the  amount  of  field  resuscitation  fluid 
required  for  a  medic,  neither  agent  reduced  neuronal  death. 

In  year  3  we  explored  the  novel  Hb  PNPH  in  our  TBI  +  HS  model  and  observed  exciting  neuroprotective 
effects,  in  a  number  of  preliminary  and  definitive  studies. 

In  year  4,  we  completed  an  extensive  battery  of  work  focused  on  PNPH — with  both  in  vivo  studies  of  survival, 
hemodynamics,  neuropathological  outcomes,  and  brain  tissue  oxygen  levels  (Pbt02),  and  in  vitro  studies,  all 
showing  remarkable  neuroprotective  effects  of  this  novel  agent. 

We  published  three  manuscripts  (1-3),  have  a  fourth  in  revision  (4),  presented  20  abstracts  related  to  this  work 
at  meetings  including  ATACCC,  the  Society  of  Critical  Care  Medicine,  the  12*  Symposium  on  Blood 
Substitutes,  the  International  Society  of  Magnetic  Resonance  and  Medicine,  and  the  National  and  International 
Neurotrauma  Societies  Congress,  among  others  (11-30).  We  are  completing  work  for  5  additional  manuscripts 
in  preparation  related  to  this  project  (6-10).  A  complete  list  of  publications  and  abstracts  is  provided. 

Based  on  this  work  we  submitted  to  the  CDMRP  a  grant  application  to  support  IND  development  for 
PNPH  for  TBI  resuscitation  which  received  a  remarkable  scientific  score  of  I.O.  It  was  not  funded. 
However,  in  this  most  recent  cycle,  we  (P.  Kochanek,  MD,  PI)  have  submitted  a  revision  of  that 
application  again  to  the  CDMRP,  carefully  addressing  the  critique.  Given  the  highly  promising  nature  of 
the  findings,  we  also  partnered  with  SynZyme  (C.  Hsia,  PhD,  PI)  to  submit  to  the  NIH,  an  SBIR  (U44) 
grant  to  support  acquisition  of  an  IND  for  PNPH  for  TBI  resuscitation.  We  are  hopeful  that  these  will 
be  successful  since  we  believe  that  PNPH  is  a  strong  candidate  for  clinical  development  for  TBI 
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resuscitation,  and  we  believe  that  it  is  important  to  be  able  to  develop  PNPH  through  to  IND  for  combat 
casualty  resuscitation  of  severe  TBI  victims.  This  progress  report  describes  all  of  the  work  accomplished 
during  the  entire  4  year  funding  period  (Feb  13,  2008-Feb  12,  2010). 

BODY: 

A  complete  listing  of  the  studies  carried  out  in  this  project  is  provided  in  Table  1.  For  the  convenience  of 

the  reader,  we  have  categorized 
studies  as  “M”  mechanistic  or 
“T”  treatment. 


Study  Ml.  Modeling  combined 
TBI  +  HS  in  mice 
Much  of  the  work  in  years  1-2 
was  devoted  to  developing  a 
reproducible  mouse  model  of 
combined  TBI  +  HS.  That  work 
was  presented  in  abstract  form  at 
several  major  scientific  meetings 
(11-15)  and  the  model  was 
published  as  a  full  manuscript  in 
the  Journal  of  Neurotrauma  in 
2009  (1).  Of  note,  Critical  Care 
Medicine  fellow  Dr.  Alia  Dennis 
received  the  In  training  award 
from  the  Society  of  Critical  Care 
Medicine  in  2007  for  her  work  on 
that  paper  recognizing  her  as  the 
top  trainee  at  the  congress.  We 
then  used  this  mouse  model  of 
TBI  -I-  HS  in  years  2  through  4  for 
studies  of  both  PNA  and  PNPH. 
We  also  developed  a  more  severe 
pressure  controlled  HS  model  of 
combined  TBH-HS — discussed 

later.  One  of  the  surprising  but 
important  finding  of  this  work 
was  that  90  min  of  HS  at  the  level 
of  mean  arterial  pressure  (MAP) 
35-40  mmHg  was  necessary  to 
produce  an  exacerbation  of 
neuronal  death  in  hippocampus 
after  TBI.  A  period  of  60  min  of 
HS  was  insufficient.  The  general 
paradigm,  thus,  for  the  in  vivo 
studies  that  we  performed  that 
were  funded  by  this  grant  are 
provided  in  Figure  1 — ^where  a  HS  phase  is  followed  by  a  “Pre-hospital”  phase,  where  the  test  solution  is 
administered,  followed  by  a  “Hospital”  or  “Definitive  Care”  phase,  where  the  shed  blood  is  returned  and  100% 
oxygen  is  administered,  mimicking  care  in  the  emergency  department  or  corps  area  support  hospital  (CASH). 


Table  1.  Matrix  of  work  carried  out  in  years  1-4 


Study 

Year 

Study  composition 

Outcomes 

Ml 

1-2 

Model  development — TBI  + 
volume  controlled  HS  (MAP 
35-40  mmHg) 

Lluid  requirements;  physiology; 

7  d  neuropathology 

M2 

2 

MRI  assessment 

CBL 

T1 

2-3 

PNA  vs  HEX,  LR,  or  HTS 

Lluid  requirements;  physiology; 

7  d  neuropathology 

T2 

2-3 

PNA  vs  HEX,  LR,  albumin 
or  PNA+Tempol 

Markers  of  oxidative  stress 

T3 

2-3 

PNA  vs  HEX,  LR,  albumin, 
or  PNA+Tempol 

Lluid  requirements;  physiology; 

7  d  neuropathology 

T4 

3 

PNPH  vs  HEX  or  LR 

Lluid  requirements;  physiology; 

7  d  neuropathology 

T5 

3 

Top  load;  PNPH  vs  stroma 
free  Hb 

MAP 

M3 

3 

Naive,  TBI,  and  TBI+HS 

PbtOz 

M4 

3 

More  severe  insult — TBI  + 
pressure  controlled  HS 
(MAP  25-27  mmHg) 

Neuropathology  and  Pbt02 

T6 

3 

PNPH  vs  LR 

Pbt02  and  24  h  neuropathology 

M5 

3 

MRI;  naive,  TBI  alone, 
TBI+HS 

Brain  edema 

T7 

3-4 

TBI  alone  PNPH  vs  LR 

Physiology;  7  d  neuropathology 

M6 

3 

Naive,  TBI,  and  TBI+HS 

ICP 

T8 

3-4 

In  vitro  TBI;  PNPH,  PegHb, 
stroma  free  Hb 

Neuronal  death/neurotoxicity 
from  Hb  exposure  (LDH,  MTT) 

T9 

4 

In  vitro  TBI;  PNPH,  PegHb, 
stroma  free  Hb 

Glutamate/Glycine 
excitotoxicity  (LDH,  MTT) 

TIO 

4 

In  vitro  TBI;  PNPH,  PegHb, 
stroma  free  Hb 

Neuronal  stretch  (LDH,  MTT, 
propidium  iodide  labeling, 

MAP-2  immunofluorescence 

M7 

1-4 

Mechanistic  studies  on 
oxidative  stress  and  effects 
of  nitroxides  and  PNPH 

Oxidative  lipidomics,  in  vitro 
studies  of  oxidative  stress  related 
to  PNPH 

M8 

4 

Lunctional  outcome,  long¬ 
term  2 Id  neuropathology 
after  TBI+HS  in  mice 

Morris  water  maze.  Lesion 
volume,  hemispheric  tissue  loss 
assessments 

M=Model;  T=Treatment;  TBI  =  traumatic  brain  injury;  HS=hemorrhagic  shock; 
MAP=mean  arterial  pressure;  PNA=polynitroxylated  albumin;  HEX=Hextend; 
PNPH=polynitroxylated  pegylated  hemoglobin;  Hb=hemoglobin;  CBF=cerebral 
blood  flow;  Pbt02=brain  tissue  oxygen  concentration;  ICP=intracranial  pressure; 
LDH=Lactate  dehydrogenase;  MTT  =(3-[4,  5-dimethylthiazol-2-yl-]-2,  5- 
diphenyltetrazolium  bromide);  MAP-2=Microtubule-associated  protein-2 
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Figure  1.  Diagram  depicting  the  time  course  of  the  experimental  protocol  used 
for  studies  Tl-T.  CCI,  controlled  cortical  impact;  TBI,  traumatic  brain  injury; 
MAP,  mean  arterial  blood  pressure;  ABG  =  Arterial  blood  gas. 


Study  M2.  Serial  non-invasive  assessment  of  CBF  after  combined  TBI  +  HS  in  mice 

We  also  studied  the  combined  effect  of  HS  on  cerebral  blood  flow  (CBF)  after  experimental  TBI  using  this 

model  as  assessed  by  serial  magnetic 
resonance  imaging  (MRI)  using 
arterial  spin  labeling.  In  collaboration 
with  scientists  at  the  Pittsburgh  NMR 
Center  for  Biomedical  Research  at 
Carnegie  Mellon  University  we 
applied  the  state-of-the-art  non- 
invasive  arterial  spin  labeling  (ASL) 
to  assess  regional  CBF  serially  in  each 
phase  of  the  model.  ASL  uses 
endogenous  arterial  water  as  a  tracer 
by  labeling  the  water  proton  spins  via 
a  low  power  radio  frequency  field. 
Control  and  labeled  images  are 
subtracted  and  a  CBF  map  is 
calculated  based  on  known  constants. 
We  carried  out  a  comprehensive 
study  showing  its  utility  in 
combined  TBI  +  HS  in  our  model 
and  demonstrated  that  HS  indeed 
produces  critical  CBF  levels  after 
TBI  -particularly  in  cortex  and  hippocampus.  This  allows  the  study  of  CBF  after  combined  TBI  plus 
HS,  as  proposed  in  this  application.  CBF  was  quantified  in  cortical,  hippocampal,  thalamic,  and  hemispheric 
regions  of  interest.  The  advantages  of  this  method  are  that  1)  it  is  non-invasive,  2)  can  be  performed  serially, 

and  3)  provides  a  map  of  CBF  rather  than  assessing  a 
single  region.  Our  data  (Figure  2)  show  that  HS  at  an 
MAP  of  ~35-40  mmHg  for  90  min  exacerbates  the 
CBF  reduction  after  CCI,  consistent  with  the 
histopathology.  HS  alone  for  60  min  at  this  BP  level 
produced  only  a  modest  CBF  reduction — consistent 
with  the  lack  of  neuronal  death  seen  for  HS  alone  at 
this  shorter  interval.  Our  findings  were  presented  at 
three  scientific  meetings  (12,  14,  15)  and  a  full 
manuscript  of  this  work  is  in  preparation  (6). 

Studies  T1-T3.  Novel  colloid-based  resuscitation 
strategies  using  PNA:  We  showed  that  resuscitation  in 
our  mouse  model  of  TBU-HS  using  PNA  or  HEX 
significantly  reduced  fluid  requirement  vs  either  LR  or 
HTS.  The  T1  study  compared  LR,  HEX,  HTS,  and 
PNA  in  our  model,  while  the  T2  and  T3  study 
compared  HEX,  LR,  10%  albumin,  PNA,  and  PNA-l- 
the  antioxidant  tempol,  assessing  oxidative  stress 
markers  (T2)  and  neuropathology  (T3),  respectively. 
In  each  case  the  colloids  outperformed  the  crystalloids 
with  regard  to  fluid  volume  required  after  TBU-HS. 


Shock  Shock  Pre-Hospital 

Definitive 

60  Min  90  Min 

Care 

Naive 

<'  **  v.  *■■■■•-.  ' , 

i  •  A  .  .  .  '  -  ^ 

«  '  1  1  1  • 

r-  •- 

* 
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-  • 
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HeiiiorrlTagic 
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*  '  •  T. 
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Shock 

V 

•  •  .  r_  \ 

>  *  *  v‘.* 

i 

0  500 
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Figure  2.  Effect  of  HS  on  CBF  after  TBI  in  mice  assessed 
via  MRI.  CBF  is  stable  over  time  in  naives.  After  TBI 
(CCI)  a  CBF  reduction  is  seen  only  in  tbe  contused  left 
cortex.  HS  alone  produces  a  mild  global  CBF  reduction, 
while  TBH-HS  produces  a  marked  CBF  reduction  (arrow) 
after  HS.  Contusional  swelling  is  seen  after  resuscitation 
with  HEX — the  military  standard  of  care  for  TBH-HS. 


These  findings  bring  into  question  the  conclusions  of  the  recent  SAFE  study  comparing  albumin  and  normal 
saline  in  TBI  resuscitation  (Myburgh  et  al,  N  Engl  J  Med,  2007).  The  SAFE  study  did  not  evaluate  field  use  of 
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colloids,  rather  only  ICU  use  after  resuscitation.  Also,  it  did  not  focus  on  patients  with  TBI+HS,  and  did  not 
target  patients  either  in  shock  or  with  low  serum  albumin  values.  Our  work  suggests  that  there  is  merit  to 
colloids  in  resuscitation  of  victims  of  TBI+HS  and  is  supported  by  recent  work  both  in  the  lab  (Baker  et 
al,  J  Trauma,  2008)  and  ICU  (Bernard  et  al,  J  Trauma,  2008).  This  is  important  in  that  the  current 
standard  of  care  for  combat  casualty  care  field  resuscitation  of  TBI+HS  is  the  colloid  HEX  (Holcomb,  J 
Trauma,  2003).  However,  although  we  found  the  colloids  PNA  and  HEX  to  require  smaller  volumes  than  LR 
or  hypertonic  saline  to  achieve  target  MAP  during  a  simulated  “Pre-hospital”  resuscitation  phase,  we  did  not 
observe  added  neuroprotection  by  the  antioxidant  colloid  PNA  in  our  model  of  TBI+HS.  That  work  was 
presented  at  several  scientific  meetings  by  Critical  Care  Medicine  Fellow  Dr.  Jennifer  Exo  (16,  19,  23)  and  was 
also  published  in  2009  as  a  manuscript  in  the  Journal  of  Neurotrauma  (2).  Data  from  this  work  in  year  two 
were  presented  in  piror  reports  and  are  not  presented  in  lieu  of  the  full  publication  of  this  work  (2).  The 

inability  of  either  colloid  to  enhance  neuroprotection  prompted  us  to 
test  the  novel  Hb  PNPH  in  our  model. 

PNPH:  In  addition  to  the  colloid-based  approach  with  PNA  that  we 
studied,  we  also  explored  a  Hb-based  nitroxide.  Several  blood 
substitutes  have  shown  potential  in  experimental  TBI+HS.  TBI+HS 
may  represent  a  special  opportunity  for  resuscitation  with  Hb 
solutions  in  that  benefit  on  intracranial  pressure  (ICP),  Pbt02,  or 
neuropathology  can  be  achieved  with  an  optimized  blood  substitute 
(Patel  et  al,  J  Trauma,  2006;  Rosenthal  J  Neurosurg,  2008). 
However,  clinical  testing  of  blood  substitutes  has  failed  to  show 
benefit;  these  trials  have  actually  shown  increases  in  mortality 
(Natanson  et  al,  JAMA,  2008).  A  better  Hb-based  resuscitation 
solution  would  represent  a  significant  advance.  The  data 
presented  in  this  report  show  remarkable  neuroprotective 
properties  of  PNPH  both  in  vitro  and  in  vivo  and  support  our 
desire  to  move  PNPH  to  an  IND  for  TBI  resuscitation.  There  are 
problems  with  first  generation  Hbs,  i.e.,  1)  binding  and  consumption 
of  nitric  oxide  (NO)  resulting  in  arterial  hypertension  and  a 
eompromised  microcireulation,  2)  inability  to  optimize  tissue  oxygen  delivery,  and  3)  auto-oxidation  and  pro¬ 
oxidant  potential,  with  exacerbation  of  oxidative  stress.  Nevertheless,  in  TBI+HS,  the  huge  tactical 
advantages  of  being  able  to  use  an  optimized,  single  dose,  small  volume  resuscitation  solution  in  austere 
environments  or  during  combat  cannot  be  underestimated.  There  is  a  vital  need  to  develop  seeond  or  third 
generation  blood  substitutes  (Alayash,  Nat  Rev  Drug  Discov,  2004) — and,  based  on  the  need  for  a  small 
volume,  neuroproteetive,  and  antioxidant  resuscitation  solution  that  also  restores  oxygen  delivery,  minimizes 
brain  edema,  improves  CBF,  and  exhibits  favorable  effects  in  the  mieroeirculation,  blast-induced  TBI+HS 
defines  a  key  target  for  such  an  agent  in  combat  casualty  care.  As  shown  in  Figure  3,  PNPH  with  its 
nitroxide  and  Peg  moieties  has  advantages  over  eonventional  Hb  solutions.  Each  component  of  PNPH  eonfers 
potential  benefit.  Nitroxides  are  synthetic,  highly  stable  free  radieals  that  react  with  biological  free  radieals  in 
vivo  and  protect  cells  from  oxidative  insults.  The  nitroxide  free  radical  (Tempol)  reduced  brain  damage  in  rats 
subjected  to  weight  drop  TBI  (Beit-Yannai  et  al.  Brain  Res,  1996).  The  PN-colloid,  PNA  in  eombination  with 
the  free  nitroxide  Tempol,  improved  survival  in  a  model  of  HS  in  rats  (Kentner  et  al,  J  Trauma,  2002),  and  PNA 
was  a  small  volume  resuseitation  solution  in  our  TBI+HS  model  as  deseribed  above  (2).  Pegylated  Hb  (Peg- 
Hb)  is  an  excellent  platform  upon  which  to  build  an  optimized  resuscitation  solution.  Vasoactive  effeets  of  free 
Hb  may  be  caused  by  NO  depletion  (Resta  et  al,  J  Appl  Physiol,  2002),  excess  oxygen  delivery  at  the  Hb- 
endothelial  interfaee,  or  both  (Tsai  et  al.  Am  J  Physiol,  2003).  Pegylation  reduces  P50  of  the  Hb  from  ~28 
mmHg  in  whole  blood  to  between  <8  and  15  mmHg  (Winslow,  Respir  Physiol  Neurobiol,  2007).  This  eould 
eompensate  for  potential  exeess  tissue  oxygen  delivery  from  free  Hb — ^with  mierocirculatory  dysfunction 
(Winslow,  Biochem  Biophys  Acta,  2008).  Pegylation  eonfers  other  favorable  properties  including  a  colloid 


PegHb  PN  PegHb 

Figure  3.  Schematic  of  PNPH.  Poly 
nitroxide  (PN,  yellow)  and  polyethylene 
glycol  (Peg,  blue)  moieties  decorate  the  Hb 
surface.  The  nitroxides  mitigate  reactive 
oxygen  species,  attenuating  nitric  oxide 
(NO)  consumption,  and  oxidative  injury  to 
the  microcirculation  and  the  Hb  molecule 
itself  PNPH  has  12-14  nitroxides  per  Hb. 
Pegylation  yields  super  colloid  effects 
increasing  endothelial  NO  production  and 
enhancing  volume  expansion  with  less  brain 
edema. 
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effect — enhancing  fluid  flux  out  of  the  brain  interstitial  space,  reducing  Hb  degradation,  and  prolonging  half- 
life.  Details  on  the  properties  and  production  of 
PNPH  are  provided  in  the  Progress  Report 
from  SynZyme  Technologies. 

Study  T4.  Preliminary  assessment  of  PNPH  as  a 
novel  pre-hospital  resuscitation  fluid  in 
experimental  TBI+HS:  In  this  initial  study  in  our 
TBH-HS  mouse  model,  we  evaluated  the  effect  of 
PNPH  (n=6),  LR  (n=8)  and  HEX  (n=5)  in  pre¬ 
hospital  resuscitation.  Isoflurane  anesthetized 
C57BL6  mice  were  subjected  to  CCI  (5  m/s,  1 
mm  depth)  followed  by  HS  (2cc/100g,  [~30% 
blood  volume],  MAP  35-40  mmHg)  for  90  min. 

MAP  was  then  maintained  >50  mmHg  for  30  min 
with  PNPH,  LR,  or  HEX.  After  30  min,  shed 
blood  was  infused.  We  apportioned  mice  to  each 
treatment  in  order  to  generate  5  survivors  to  7  d. 

MAP  was  monitored.  Resuscitation  volumes  were 
recorded.  Mice  were  allowed  to  recover  and  7  d  neuropathology  was 


10  20 
Prehospital  Resuscitation 
(min) 


Figure  4.  Time  course  of  the  response  in  MAP  to  resuscitation 
fluid  during  the  30  min  Pre-hospital  resuscitation  phase  for  each 
group.  Data  indicate  mean  +/-  SEM  at  each  time  point,  n=5  per 
group.  (*  p<0.05,  ANOVA) 
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Figure  5.  Photomicrographs  of  representative  sections  of  CAl  stained  with 
Fluoro-Jade  C  depict  degenerating  neurons  in  mice  resuscitated  with  (A)  PNPH, 
(B)  HEX,  or  (C)  LR.  Plot  (D)  of  number  of  FJC  positive  neurons  in  CAl  and 
CA3  for  each  group  with  median  shown.  (p<0.05,  PNPH  vs.  *HEX,  and  fLR) 


examined  using  hematoxylin  and  eosin 
(H&E)  and  Fluoro-Jade  C  (FJC) 
staining  of  coronal  brain  sections 
taken  through  the  lesion  at  the  level  of 
the  dorsal  hippocampus.  Mortality  did 
not  differ  significantly  between 
groups.  Resuscitation  with  PNPH 
(0.18  ±  0.05  ml)  required  less 
volume  than  LR  (0.96  ±  0.28  ml)  (p 
<  0.05).  This  represented  a  5-fold 
reduction  in  the  resuscitation 
volume  required  to  achieve  target 
MAP  (50  mmHg)  in  the  pre¬ 
hospital  phase  comparing  PNPH  vs 
LR.  PNPH  (64.4  ±  2.9  mmHg)  but 
not  HEX  (58.8  ±  2.9)  also  produced 
higher  pre-hospital  mean  MAP  vs  LR 
(50.4  ±  2.9,  p<0.05).  Similarly, 
PNPH  but  not  HEX  exhibited  a  higher 
pre-hospital  peak  MAP  vs  LR  (p< 
0.05)  (Figure  4).  PNPH- 
resuscitated  mice  also  had  fewer 
FJC+  degenerating  neurons  in  the 
CAl  region  of  the  hippocampus  vs 
HEX  or  LR  (p<0.05),  suggesting 
important  neuroprotective  effects  of 
PNPH  as  a  pre-hospital 
resuscitation  solution  in  TBl+HS 
(Figure  5).  This  neuroprotective 
effect  of  PNPH  seen  on  FJC- 


staining  in  this  initial  study  was  also  suggested  in  H&E-stained  brain  sections,  although  our  sample  size 
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was  limited  and  a  trend  toward  reduced  damage  was  seen  in  the  PNPH  group  vs  LR  or  HEX.  The 
neuroprotective  effect  of  PNPH  in  our  model  may  have  resulted  from  enhanced  oxygen  delivery  to  the  injured 
brain,  improved  MAP  during  the  pre-hospital  phase,  a  reduction  in  brain  edema  related  to  the  small 
resuscitation  volume  required  with  its  use,  or  other  effects.  In  addition,  PNPH  is  prepared  in  the  carboxy-(CO) 
Hb  form  and  some  studies  have  suggested  beneficial  effects  of  low  doses  of  carbon  monoxide  against  apoptosis 

(Jin  and  Choi,  Proc  Am  Thorac  Soc,  2005).  To  place 
our  findings  in  context,  we  have  evaluated  HTS,  LR, 
and  HEX  in  this  model  in  the  T1  study  and  found 
that  none  of  these  fluids  showed  benefit  on  CAl 
neuronal  survival  in  hippocampus  after  TBI+HS. 
This  suggested  special  neuroprotective  benefit  of 
PNPH.  This  work  was  presented  at  several 
scientific  meetings  (21,  22)  and  also  in  a  plenary 
presentation  at  the  12*'’  Symposium  on  Blood 
Substitutes  (24).  It  is  in  revision  as  a  manuscript 
in  the  journal  Critical  Care  Medicine  (4)  and  was 
carried  out  by  Critical  Care  Medicine  fellow  Dr. 
David  Shellington  who  is  currently  an  officer  in 
the  United  States  Navy. 

Study  T5,  Effect  of  PNPH  on  MAP  in  naive 
mice — classical  top-loading  studies:  A  concern  with 
stroma  free  Hb  relates  to  what  has  been  termed  its 
“vasoactivity.”  This  effect  likely  results  from  NO 
consumption  by  Hb  and  possibly  local  hyperoxia  with  compensatory  vasoconstriction.  Although  there  is 
controversy  over  the  etiology,  it  is  believed  that  this  property  is  deleterious  and  contributed  to  the  failure  of 
clinical  translation  of  hemoglobin  blood  oxygen  carriers  (HBOCs).  We  carried  out  pilot  studies  with  PNPH, 
examining  its  effect  on  MAP  in  a  conventional  10%  top  load  study  in  isoflurane  anesthetized  naive  mice. 
Hypertension  was  sustained  after  top-loading  with  stroma  free  human  control  Hb.  In  contrast,  hypertension 

was  only  transient  after  PNPH  suggesting  less 
NO  consumption  and  a  safer  microcirculatory 
profde  for  resuscitation  (Figure  6). 

Study  M3,  Continuous  monitoring  of 
hippocampal  Pbt02  in  mice:  To  compliment 
the  assessment  of  CBF  during  HS  and 
resuscitation  in  our  model,  it  will  be  important 
to  monitor  the  effect  of  resuscitation  with 
various  therapies  on  Pbt02.  Normalization  of 
both  CBF  and  Pbt02  during  pre-hospital 
resuscitation  is  a  goal.  We  carried  out  pilot 
studies  in  our  model  implanting  a 
microelectrode  (Unisense,  50  pM)  through  the 
cortex  into  the  underlying  hippocampus 
(bregma  -2.5  AP,  -2.0  ML,  depth  2.0  mm)  in 
naive  mice,  and  in  mice  after  either  CCI  or  CCI 
plus  HS.  This  approach  is  feasible  in  mice 
(Figure  7).  Anticipated  Pbt02  levels  for 
normal  (naive)  mice  are  seen  (~50  mmHg).  We 
also  noted  Pbt02  levels  of  ~25-30  mmHg  on  the  side  ipsilateral  to  the  contusion  after  CCI  alone.  That  level  of 
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Figure  7.  Hippocampal  Pbt02  vs  time  in  mice.  The  naive  (blue) 
was  anesthetized  but  not  exposed  to  either  TBI  or  HS.  Normal  Pbt02 
values  on  room  air  of  ~50  mmHg  were  seen.  During  the  “definitive 
care”  phase,  Fi02  was  increased  to  1.0  producing  a  robust  response. 
CCI  alone  (red)  produced  a  moderate  Pbt02  reduction  to  ~30  mmHg. 
CCI+HS  (orange)  reduced  Pbt02  below  the  critical  threshold  (-10 
mmHg).  The  response  to  raising  Fi02  to  1.0  was  blunted  after  TBI. 
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Figure  6.  Top-load  study:  MAP  (%  baseline)  over  time  after 
infusion  of  10%  blood  volume  study  solution  (PNPH  or 
stroma- free  human  Hb)  to  healthy  C57/BL6  male  mice  (p  = 
0.07,  n=3/group). 


9 


PbtOi,  which  is  less  than  naive — ^but  above  the  eritical  threshold  of  ~10  mmHg  (24),  agrees  with  the  observed 
histopathology  at  this  level  of  injury  severity — i.e.,  CCI  alone  does  not  produee  neuronal  death  in  hippoeampus. 

In  eontrast,  PbtOi  is 
further  reduced  after  TBI 
by  HS  in  our  model — to  a 
level  below  the  10 
mmHg  eritical  threshold 
(Figaji  et  al, 

Neurosurgery,  2008). 
This  is  consistent  with 
the  fact  that  combined 
injury  results  in  CAl 
neuronal  death.  We  have 
used  Pbt02  in  >50  mice, 
and  it  has  performed 
consistently  with  the  data 
shown.  We  then  built 
upon  these  pilot  studies 
to  compare  the  effects  of 
resuscitation  with  LR  vs 
PNPH  in  our  model,  i.e., 
we  evaluated  the  effect 
of  PNPH  vs  LR  on 
recovery  of  PbtOi  in 

our  mouse  model  of  TBI+HS  as  described  in  study  T6  below. 
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Figure  8.  Protocol  for  pressure  controlled  model  of  TBI+HS  in  mice.  This  model  is  more 
severe  than  the  volume  control  model  shown  in  Figure  1  with  an  MAP  of  25-27  mmHg  and 
produces  critical  Pbt02  levels  in  hippocampus  during  the  HS  phase.  This  model  provided  a 
perfect  target  to  test  PNPH  vs  LR  (as  shown  in  study  T6). 


MAP 


Studies  M4  and  T6.  Effect  of 
PNPH  vs  LR  on  recovery  of 

hippocampal  Pbt02  after  severe 
pressure  controlled  TBU-HS  in 
mice:  With  brain  tissue  monitoring 
in  place,  we  carried  out  another 
study  assessing  the  effect  of  PNPH 
vs  LR  on  systemic  physiology, 
hippocampal  Pbt02  and  24  h 
neuropathology  after  TBH-HS.  For 
this  work,  we  increased  the 
severity  of  our  model  to  a  very 
severe  MAP  target  during  HS — 
namely  severe  pressure 
controlled  HS  clamping  MAP  at 
25-27  mmHg  for  35  min.  In  pilot 
studies  we  showed  that  this  results 
in  a  more  severe  acute  decline  in 
Pbt02  and  greater 

neuropathological  damage.  As 
discussed  later,  we  have  followed 
up  to  also  fully  characterize  this  more  severe  pressure  controlled  model  of  TBH-HS  in  mice  as  described  in 
study  M7.  To  better  define  the  effect  of  PNPH  vs  LR  on  both  hippocampal  PbtOi  during  resuscitation,  and 
neuropathological  damage  after  recovery  in  this  more  severe  model,  we  used  a  90  min  pre-hospital  resuscitation 


Figure  9.  MAP  during  HS  and  resuscitation  in  mice  treated  with  LR  or  PNPH. 
MAP  was  nearly  normalized  in  PNPH  group  at  all  time  points  during  the  pre¬ 
hospital  phase  (p<  0.05  PNPH  vs  LR). 
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phase  as  outlined  in  the  protoeol  in  Figure  8.  Resuscitation  with  PNPH  produced  significantly  higher  MAP 
than  LR  (Figure  9) — ^with  near  normalization  during  the  entire  pre-hospital  phase  despite  a  dramatically 
lower  resuscitation  volume  requirement  with  PNPH  (50±4  mL/kg)  vs  LR  (205±20  mL/kg).  Also,  systemic 

variables  such  as  arterial  pH, 
base  deficit  and  lactate 
improved  better  in  the  PNPH 
vs  LR  groups  (data  available 
upon  request).  This  is  a 
favorable  hemodynamic 
resuscitation  profile  for 
PNPH  that  argues  strongly 
against  deleterious 

extracerebral  consumption 
of  NO  by  PNPH.  In  this  study 
we  also  continuously 
monitored  hippocampal  Pbt02 
during  HS  and  resuscitation, 
and  PNPH  again  appeared  to 
confer  favorable  effects, 
improving  PbtOi  during  the 
final  ~30  min  of  the  pre¬ 
hospital  resuscitation  phase 
(p<0.05  vs  LR,  Figure  10). 
Finally,  PNPH  also  attenuated 
hippocampal  neuronal  death  in 
CAl  assessed  at  24  h  after  the  insult,  replicating  the  neuropathological  benefit  shown  in  the  more  mild  HS 
insults  carried  out  in  study  4  (Figure  11).  Thus,  improved  oxygen  delivery  is  one  mechanism  by  which 
PNPH  may  be  neuroprotective  after  combined  TBI+HS.  Other  mechanisms  that  should  be  pursued  to 
more  fully  understanding  the  mechanistic  underpinnings  of  the  neuroprotection  of  PNPH  include 
antioxidant  effects,  vascular  (blood-brain  barrier)  damage,  CBF,  reduced  brain  edema,  sparing  of  NO 
with  improved  microcirculatory  flow  and  reduced  systemic 
derangements,  and  possibly  effects  of  the  CO  moiety.  This 
study  was  carried  out  by  Safar  Center  fellow  Dr.  Xianren  Wu 
who  presented  the  work  at  the  meetings  of  the  American 
Society  for  Anesthesiology  and  the  National  Neurotrauma  in 
2009  (26,  29)  and  it  is  currently  being  written  up  for 

publication  (8). 

Study  T7.  Effect  of  PNPH  in  the  setting  of  TBI  alone.  Given 
its  potent  antioxidant  properties  and  neuroprotective  properties 
in  both  our  in  vivo  and  in  vitro  (see  below)  models  of  TBI,  we 
have  also  carried  out  a  complete  study  examining  PNPH  vs  LR 
in  the  setting  of  TBI  alone.  In  that  study  we  administered  a 
single  bolus  of  PNPH  vs  LR  early  after  the  injury,  followed 
acute  physiology  (MAP,  blood  gases,  plasma  Hb  concentration) 
and  24  h  neuropathology.  MAP  was  nearly  normalized  early 
after  TBI  by  PNPH  vs  mild  hypotension  with  CCI  alone  (see 
Figure  12);  neuropathology  is  being  processed.  This  study  will  be  important  to  determine  if  PNPH  is  either 
beneficial  in  the  setting  of  TBI  alone — which  would  even  further  broaden  its  potential  utility  in  TBI 
resuscitation.  Our  data  strongly  suggest  a  beneficial  hemodynamic  effect  of  PNPH  even  in  the  setting 
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TBI  alone.  Data  analysis  of  the  neuropathology  is  ongoing  and  specifically  includes  FJC  staining  assessed  at 

24  h  after  the  injury.  This  study  was 
carried  out  by  Clayton  Lewis,  a  medical 
student  at  the  University  of  Pittsburgh 
School  of  Medicine  and  is  currently  being 
prepared  as  a  full  manuscript  (9). 


Studies  MSand  M6.  Assessment  of  brain 
edema  and  ICP  after  TBI+HS  in  mice:  We 
also  assessed  brain  edema  after  resuscitation 
in  LR  treated  mice  subjected  to  combined 
TBI+HS  using  MRI  methods  (at  4.7 
Tesla) — quantifying  brain  edema,  regional 
CBF,  and  blood-brain  barrier  permeability. 
Data  from  our  study  of  the  effect  of 
TBI+HS  on  brain  edema  by  MRI  is 
currently  being  analyzed  and  will  represent 
a  separate  future  publication.  In  that  study, 
we  compared  LR,  PNPH,  and  a  recombinant 
octameric  Hb  (25,  28).  We  also  explored 
another  key  facet  of  monitoring  relevant  to 
TBI+HS,  namely  ICP  monitoring.  We 
completed  a  small  series  of  mice  in  which 
ICP  monitoring  was  carried  out  in  naive, 
TBI  alone,  and  TBI+HS  using  parenchymal  placement  of  a  1 -French  Mylar  catheter.  Details  of  those  studies 
are  currently  being  analyzed,  and  although 
we  did  not  feel  that  given  the  technical 
challenges  in  mice,  ICP  could  represent  a  key 
outcome  parameter  in  our  studies— we 
believe  that  it  is  important  to  know-for  the 
discussion  section  of  our  publications — ^what 
the  time  course  and  general  magnitude  of 
ICP  changes  are  in  our  murine  model. 


Study  T8.  PNPH  is  a  non-toxic  Hb  in 
vitro:  We  were  concerned  about  the 
possibility  of  direct  toxicitiy  from  PNPH  to 
neurons — if  extravasation  of  PNPH  occurred 
into  brain  tissue  after  TBI  resuscitation, 
since — as  discussed — it  is  well  known  from 
the  classic  studies  of  Regan  and  Panter 
(Neurosci  Lett,  1993;  J  Neurotrauma,  1993) 
that  cell  free  Hb  is  neurotoxic  in  neuronal 
cell  culture  models.  For  example,  in  severe 
TBI,  there  is  important  blood-brain  barrier 
disruption,  and  thus,  if  one  were  to 
resuscitate  severe  TBI  victims  in  HS  with 
PNPH,  despite  important  benefits  on  cerebral 
hemodynamics,  direct  toxicity  of  the  Hb 
moieties  could  be  problematic.  Thus,  we 
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Figure  13.  Effect  of  Hbs  on  LDH  release  from  primary  rat  cortical 
neurons  in  culture.  Hbs  were  added  to  the  culture  medium  for  24  h  at 
concentrations  from  0.625-12.50  pM.  Cytotoxicity  (LDH  release 
relative  to  Triton  exposure)  is  graphed.  Native  bovine  Hb  (Hb)  showed 
dose-dependent  neurotoxicity.  Polyethylene  glycol  (Peg)  conjugated 
bovine  Hb  (Peg-Hb)  showed  less  toxicity  vs  native  Hb  while  PNPH  was 
devoid  of  toxicity  across  concentrations.  Data  are  mean+SEM.  ^/><0.05 
vs  all  Hb  and  Peg-Hb  concentrations;  ^"^0.05  vs  Hb  at  the  12.50  and 
6.25  uM;  ‘=p<0.05  vs  Hb  at  12.50  uM;  V0.05  vs  Hb  at  6.25uM. 


Figure  12.  Study  of  the  effect  of  PNPH  vs  LR  in  the  setting  of  TBI 
alone  without  HS.  Time  course  of  MAP  in  mice  after  CCI  treated  with 
1)  no  resuscitation  fluid,  2)  normal  saline  (20  mL/kg)  or  PNPH  (20 
mL/kg).  Thus,  PNPH  exhibits  a  favorable  hemodynamic  profile  even  in 
the  setting  of  TBI  alone.  Neuropathology  is  pending. 
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also  carried  out  comprehensive  in  vitro  studies  evaluating  PNPH  in  cultured  rat  primary  neurons.  We  compared 

the  effects  of  PNPH  to  two  other  logical 
control  Hbs,  namely,  native  bovine  Hb  (the 
base  molecule  for  Peg-Hb),  and  bovine 
Peg-Hb  (Prolong  Pharmaceuticals),  the 
specific  parent  molecule  for  PNPH.  Recall 
that  Peg-Hb  is  nitroxylated  at  ~14  sites  to 
produce  PNPH.  First,  unlike  either  control 
bovine  Hb  or  bovine  peg-Hb  (which  were 
neurotoxic),  we  observed  a  lack  of  toxicity 
of  PNPH  in  rat  primary  neurons  across  a 
wide  range  of  concentrations,  with  a 
marked  reduction  in  neuronal  death — 
reflected  by  two  independent  assays,  1) 
LDH  release  (Figure  13),  and  2)  MTT 
(Figure  14).  As  expected,  native  bovine 
cell  free  Hb  was  highly  neurotoxic  in  a  dose 
dependent  fashion.  In  contrast,  PNPH  was 
totally  devoid  of  neurotoxicity  across  the 
entire  concentration  range  tested. 
Interestingly,  Peg-Hb  showed  intermediate 
protection.  This  important  finding 
indicated  that  PNPH  may  have  special 
properties  that  are  quite  favorable  for  TBI 
resuscitation.  These  findings  were  presented  at  the  12*  International  Symposium  on  Blood  Substitutes  and  the 

2009  National  Neurotrauma  Society 
Congress  (24,  26)  and  are  in  revision 
as  a  full  manuscript  (along  with  our  in 
vivo  work  addressing  neuroprotection) 
in  the  journal  Critical  Care  Medicine 
(4).  We  believe  that  this  is  another 
important  finding  supporting  future 
development  of  PNPH. 

Study  T9.  PNPH  is  neuroprotective 
against  excitotoxic  brain  injury  in 
vitro.  Given  the  surprising  lack  of 
neurotoxicity  of  PNPH  vs  native  cell 
free  Hb  in  neuronal  culture,  and  in 
light  of  the  potent  neuroprotection  that 
we  observed  in  our  in  vivo  studies  of 
TBH-HS  in  mice,  it  was  logical  to 
explore  the  possibility  that  PNPH 
might  show  direct  neuroprotective 
effects  in  in  vitro  models  of  TBI.  First, 
we  studied  the  effect  of  PNPH  in  a 
classic  model  of  excitotoxic  neuronal 
death  produced  by  exposure  to 
glutamate  and  glycine.  The  findings 
were  remarkable.  Unlike  control 


Hemoglobin  tetramer  concentration  (|jM) 

Figure  15.  Effect  of  Hbs  on  LDH  release  in  a  primary  rat  cortical  neuron 
culture  model  of  glutamate/glycine  (Glu/Gly)-induced  excitotoxicity.  The  test 
Hb  was  added  to  the  culture  medium  and  30  min  later  Glu/Gly  (10  pM  each) 
exposure  was  begun  and  continued  for  24  h.  Hb  concentrations  ranged  from 
0.625-12.50  pM.  Neurotoxicity  (LDH  release  relative  to  Triton  exposure)  is 
graphed.  PNPH  showed  surprising  neuroprotection  at  all  concentrations.  Peg- 
Hb  showed  intermediate  protection,  while  native  bovine  Hb  (Hb)  was  not 
protective.  Data  are  mean+SEM.  ^/7<0.05  vs  Glu/Gly  and  both  respective  Hb 
and  Peg-Hb;  ^<0.05  vs  Glu/Gly  and  respective  Hb;  ^/7<0.05  vs  Glu/Gly. 


I  ^Hb 
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Figure  14.  Effect  of  Hbs  on  cell  viability  accessed  via  the  MTT  assay  in 
primary  rat  cortical  neurons  in  culture.  Hbs  were  added  to  the  medium 
for  24h  at  0.625-12.50  pM.  MTT  (%  baseline)  is  shown.  Native  bovine 
Hb  (Hb)  showed  dose-dependent  toxicity.  Polyethylene  glycol- 
conjugated  bovine  Hb  (Peg-Hb)  showed  less  toxicity  vs  native  Hb  while 
PNPH  was  devoid  of  toxicity  across  concentrations.  Data  are 
mean+SEM.  ^p<0.05  vs  all  Hb  and  Peg-Hb  at  all  concentrations; 
V<0.05vs  Hb  at  all  concentrations;  ‘)9<0.05  vs  Hb  at  12.50  and  6.25  pM. 
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bovine  Hb,  which  at  high  concentrations  exacerbated  neuronal  death,  PNPH  consistently  attenuated 

neuronal  death  in  culture  as  assessed 
using  both  LDH  and  MTT  assays. 
These  studies  suggest  direct 
neuroprotective  effects  of  PNPH.  Of 
note,  once  again  Peg-Hb  showed 
intermediate  neuroprotection.  Thus, 
unique  properties  of  PNPH  such  as  its 
antioxidant  effects,  along  with 
beneficial  effects  of  either  the  Peg 
moieties  or  the  CO  (both  of  which  are 
common  to  both  PNPH  and  Peg-Hb) 
appear  to  be  acting  synergistically  to 
confer  potent  neuroprotection  to 
PNPH.  Oxidative  stress  is  known  to  play 
an  important  role  in  excitotoxicty.  That 
may,  thus,  represent  the  key  way  in  which 
PNPH  is  showing  direct  neuroprotection. 
Currently,  we  are  studying  the 
mechanistic  underpinnings  for  the 
neuroprotection  by  PNPH  in  our 
laboratory.  These  findings  were  also 
presented  at  the  12*  International 
Symposium  on  Blood  Substitutes  and  the 
2009  National  Neurotrauma  Society 
Congress  (24,  26)  and  are  also  part  of  the 
work  in  revision  as  a  manuscript  in  the 
journal  Critical  Care  Medicine  (4).  We 
believe  that  these  extremely  novel  and  unique  neuroprotective  properties  of  PNPH  also  strongly  support 

future  development  of  PNPH. 

Study  TIP.  PNPH  is 

neuroprotective  against  in  vitro 
TBI  produced  by  neuronal  stretch. 
The  effect  of  the  three  Hb 
preparations  was  also  assessed  in  a 
neuronal  stretch  model  at  the 
1.25|aM  concentration,  with  cell 
death  assessed  at  24  h  quantitatively 
via  flow  cytometry  using  propidium 
iodide  (PI)  labeling  (Figure  17),  and 
qualitatively  using  microtubule- 
associated  protein-2  (MAP-2) 
immunofluorescence  (Figure  18). 
A  computer  controlled  apparatus  to 
stretch  neurons  at  a  defined  strain 
magnitude  and  rate  was  used. 
Briefly,  primary  cortical  neurons 
were  grown  on  silicone  membranes 
(0.002-0.005  inch  thick.  Specialty  Manufacturing)  secured  to  stainless  steel  rings  that  were  polished  and 
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Figure  17.  Effect  of  bovine  Hb,  Peg-Hb  and  PNPH  (1.25  jiiM)  on  rat  cortical 
neurons  in  culture  exposed  to  in  vitro  trauma  produced  by  neuronal  stretch.  Flow 
cytometric  analysis  of  propidium  iodide  (Pl)-labeled  cells  at  24  h  showing 
increased  PI  staining  in  stretched  vs.  control  neurons  (22.2  vs.  3.6%,  respectively). 
Neuronal  death  after  stretch  injury  is  exacerbated  by  Hb  (29.9%),  unaffected  by 
Peg-Hb  (17.6),  and  reduced  by  PNPH  (7.5%). 
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Figure  16.  Effect  of  Hbs  on  cell  viability  (MTT  assay)  in  a  primary  rat 
cortical  neuron  culture  model  of  glutamate/glycine  (Glu/Gly)-induced 
excitotoxicity.  The  test  Hb  was  added  to  the  culture  medium  and  30  min 
later  Glu/Gly  (10  pM)  exposure  was  begun  and  continued  for  24  h.  Hb 
concentrations  ranged  from  0.625-12.50  pM.  MTT  (%  baseline)  is  graphed. 
PNPH  showed  surprising  neuroprotection  at  all  concentrations.  Peg-Hb 
showed  intermediate  protection,  while  native  bovine  Hb  (Hb)  exacerbated 
Glu/Gly  toxicity  at  the  highest  concentrations.  Data  are  mean+SEM. 
^/i<0.05  vs  Glu/Gly  and  both  respective  Hb  and  Peg-Hb;  V^0.05  vs 
Glu/Gly  and  respective  Hb;  ^p<0.05  vs  Glu/Gly. 
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passivated  prior  to  use.  At  8  days  in  vitro,  cultures  were  pre-treated  with  varying  concentrations  of  Hb  for  30 
min.  The  membranes  were  then  placed  over  a  hollowed  platform  in  a  custom-made,  sealed  stainless  steel 
chamber.  The  membranes  were  then  stretched  with  a  pre-set  strain  rate  (10  s“')  and  membrane  deformation 
(50%)  using  an  air  pressure  pulse.  The  pressure  waveform  is  measured  and  collected  on  a  data  acquisition 
system  to  verify  the  degree  of  insult.  Severe  stretch  was  chosen  in  order  to  simulate  a  strain  field  similar  to  that 
seen  in  animal  models  of  TBI.  Neuronal  cultures  were  then  returned  to  the  incubator.  Cultures  were  pre-treated 
with  varying  concentrations  of  Hb  for  30  min.  In  the  stretch  model,  both  analyses  showed  a  reduction  in 
neuronal  death  by  PNPH,  again  with  an  intermediate  effect  of  Peg-Hb  and  no  benefit  from  bovine  Hb.  These 
data  were  also  part  of  the  aforementioned  presentations  (24,  26),  and  the  manuscript  currently  in  revision  (4). 

Taken  together,  the  in  vivo  data  showing  neuroprotection  and  improved  Pbt02,  and  the  exciting 
and  unique  data  from  in  vitro  experiments  (T8-T10)  showing  neuroprotection,  PNPH  may  represent  an 
agent  that  produces  a  paradigm  shift  in  potential  utility  of  HBOCs  in  TBI  resuscitation;  namely,  PNPH  is 
a  novel  Hb  that  confers  direct  neuroprotective  rather  than  neurotoxic  effects.  In  addition,  it  is  tempting 

to  speculate  that  this  cytoprotection 
could  potentially  be  operating  in 
any  tissue  in  which  there  is 
hemorrhage  or  vascular 
disruption — and  where  an  HBOC 
would  be  proposed  for  use  (i.e., 
trauma  resuscitation).  If 

confirmed  with  additional  studies, 
PNPH  has  the  potential  to  produce 
a  paradigm  shift  for  the  entire 
blood  substitute  field  with  regard 
to  the  cellular  toxicity  of  Hb — and 
PNPH  may  thus  represent  a  much 
less  cytotoxic  HBOC  than  a 
conventional  non-nitroxylated  and 
non-pegylated  Hb.  The  data 
generated  from  this  grant  strongly 
support  this  hypothesis  in  TBI  and 
this  may  reflect  the  fact  that  as 
discussed  oxidative  stress  plays  a  key 
role  in  excitotoxicity,  which  is  an 
established  secondary  injury 
mechanism  in  TBI.  Beneficial  effects 


PNPH  Stretch  24h 


Figure  18.  Effect  of  bovine  Hb,  Peg-Hb  and  PNPH  (1.25  |rM)  on  rat  cortical 
neurons  in  culture  exposed  to  in  vitro  TBI  produced  by  neuronal  stretch. 
Microtubule-associated  protein-2  (MAP-2)  immunofluorescence  (green)  at  24  h 
showing  loss  of  neurons  and  neurite  damage  after  stretch  injury.  Unlike  control 
bovine  Hb  or  Peg-Hb,  PNPH  appears  to  reduce  neuronal  death.  Nuclei  were 
labeled  with  bisbenzimide  (blue). 


of  PNPH  on  other  secondary  injury  mechanisms  could  also  be  important. 


Study  M7.  Mechanistic  studies  of  the  effect  of  nitroxides  on  oxidative  stress  including  use  of  oxidative 
lipidomics.  Ineluded  in  the  studies  evaluating  the  effeet  of  these  novel  nitroxide  eontaining  colloids  and  Hb 
(i.e.,  PNA  and  PNPH)  in  our  in  vivo  and  in  vitro  models  of  TBI  and  TBI+HS,  we  assessed  a  battery  of  markers 
of  oxidative  stress  including  (for  in  vivo  studies)  glutathione,  low  molecular  weight  thiols,  total  antioxidant 
reserve,  and  oxidative  lipidomics.  In  addition,  our  collaborative  team  at  the  Pittsburgh  Center  for  Free  Radical 
and  Antioxidant  Health  (Drs.  Bayir  and  Kagan).  In  year  4,  based  on  the  exeiting  in  vitro  findings  showing 
unique  neuroproteetion  of  PNPH  in  vitro,  effeets  of  PNPH  on  oxidative  stress  in  vitro  were  also  explored. 
Details  of  these  studies  were  provided  in  prior  reports.  A  manuscript  on  in  vivo  application  of  the  oxidative 
lipidomics  technique  to  studying  oxidative  injury  to  mitochondrial  lipids  in  the  CCI  model  of  TBI  was 
published  as  previously  described  (4).  These  data  were  presented  in  prior  reports  and  are  not  presented  in 
lieu  of  the  full  publication  of  this  work  (4).  A  report  deseribing  in  vitro  effeets  of  PNPH  on  oxidative  stress 
in  our  eell  eulture  model  is  also  in  preparation. 
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Study  M8.  Assessment  of  functional  outcome  deficits  after  combined  TBI  plus  HS  in  mice:  We  also 
characterized  functional  outcome  in  our  more  severe  pressure  controlled  version  of  combined  TBI  plus  HS. 
Given  that  improvement  in  behavioral  outcome  will  ultimately  be  needed  to  move  PNPH  to  achieving  an  IND 
for  a  new  agent  to  be  used  for  TBI  resuscitation,  we  carried  out  a  full  characterization  of  functional  outcome 
and  21  day  neuropathology  in  the  model.  Morris  water  maze  (MWM)  latency  to  find  the  between  14  and  21 
days  after  injury  was  the  primary  outcome  for  these  studies  using  a  traditional  spatial  memory  acquisition 

paradigm  (hidden  platform).  These  studies  were 
carried  out  in  collaboration  with  Dr.  C.  Edward  Dixon, 
an  authority  on  functional  outcome  testing  in 
experimental  TBI  models.  Despite  using  a  mild  CCI, 
a  level  that  in  and  of  itself  produces  no  significant 
MWM  deficit  in  our  laboratory,  combined  CCI  plus 
35  min  of  severe  HS  (MAP=25  mmHg) — showed  an 
obvious  impairment  (~donbling  of  latency  to  find 
the  hidden  platform)  in  functional  outcome  that  can 
readily  serve  as  the  primary  outcome  for  future 
studies  to  bring  PNPH  to  IND  (Figure  19).  In 
addition,  we  will  be  carrying  out  studies  on  severe 
DOD-related  grants  (DARPA  PREVENT  H,  a 
consortium  grant  under  the  direction  of  Dr.  James 
Atkins  at  WRAIR,  and  a  multi-center  drug 
screening  grant  titled  Operation  Brain  Trauma 
Therapy  funded  by  the  US  Army.  Thus,  this  new 
model  will  be  perfect  for  future  testing  of  novel 
therapies  for  blast  TBI/polytrauma  in  these  DOD- 
supported  initiatives.  This  work  was  carried  out  in 
part  by  University  of  Pittsburgh  Medical  Student 
Joseph  Hemerka  and  will  be  submitted  to  the  2010 
meeting  of  the  National  Neurotrauma  Society  as  an 
abstract  and  is  in  preparation  as  a  full  manuscript 
(10). 

KEY  RESEARCH  ACCOMPLISHMENTS 

1.  Established  the  first  experimental  model  of  TBI+HS  in  mice.  This  was  a  volume  controlled  HS  model 
with  90  min  of  HS  (~30%  blood  volume  with  MAP  of  -35-40  mmHg)  superimposed  upon  TBI 
produeed  by  relatively  mild  CCI  (1  mm  depth  and  5  m/see  veloeity). 

2.  Established  a  second  more  severe  experimental  model  of  TBI+HS  in  miee.  This  was  a  pressure 
eontrolled  HS  model  with  35  min  of  severe  HS  (MAP  elamped  at  25-27  mmHg)  superimposed  upon 
TBI  produeed  again  by  relatively  mild  CCI. 

3.  Serial  non- invasive  MRI  assessment  of  CBF  in  the  volume  eontrolled  HS  model  of  TBI+HS 
demonstrating  that  exacerbation  of  brain  damage  in  hippoeampus  between  60  and  90  min  of  HS  is 
associated  with  deterioration  of  CBF  in  the  hippocampus. 

4.  Demonstration  in  both  our  murine  volume  eontrolled  and  pressure  eontrolled  TBI+HS  models  that  the 
novel  colloid  PNA  or  the  current  standard  of  eare  agent  in  eombat  casualty  care  HEX  represent  small 
volume  resuseitation  solution  that  have  favorable  effeets  on  MAP  vs  LR  or  hypertonie  saline.  However 
despite  these  favorable  properties,  neither  PNA  nor  HEX  were  neuroprotective  in  the  TBI+HS  model. 


Days  Post  Injury 

Figure  19.  Functional  outcome  in  mice  in  a  spatial 
memory  acquisition  paradigm  in  the  Morris  water  maze. 
Latency  to  find  the  hidden  platform  was  prolonged  during 
testing  on  d  14-18  after  combined  TBI+HS  using  the 
pressure  controlled  HS  model  described  in  Figure  8  (solid 
circles)  vs  sham  (open  circles).  Visible  platform  testing 
was  performed  to  rule  out  nonspecific  deficits  on  d  19-20. 
These  studies  show  utility  of  this  model  for  future  studies 
to  acquire  an  IND  for  PNPH  and  for  screening  other 
potential  therapies  for  TBI  resuscitation  in  combat  casualty 
care  (see  text  for  details). 
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5.  Demonstration  in  both  our  volume  controlled  and  pressure  controlled  TBI+HS  models  that  the  novel 
HBOC  PNPH  represents  an  extremely  small  volume  resuscitation  solution  that  has  a  favorable  effect  on 
MAP  vs  LR  or  HEX  and  that  this  is  also  accompanied  by  favorable  effects  on  blood  lactate  and  pH. 

6.  Demonstration  in  both  our  volume  controlled  and  pressure  controlled  TBI+HS  models  that  the  novel 
HBOC  PNPH  confers  neuroprotective  effects  -  ameliorating  hippocampal  neuronal  death  at  both  24  h 
and  7  d  after  resuscitation. 

7.  Establishment  of  PbtOi  and  ICP  monitoring  in  our  mouse  models  of  combined  TBI+HS. 

8.  Demonstration  in  our  pressure  controlled  model  of  TBI+HS  that  PNPH  improves  Pbt02  vs  LR  when 
used  for  90  min  during  resuscitation. 

9.  Demonstration  in  an  in  vitro  primary  neuronal  culture  system  that  PNPH  is  unique  non-neurotoxic, 
unlike  either  native  bovine  Hb  or  Peg-Hb  (which  showed  intermediate  toxicity). 

10.  Demonstration  in  an  in  vitro  primary  neuronal  culture  model  of  in  vitro  TBI  produced  by  neuronal 
stretch  that  PNPH  is  unique  neuroprotective  Hb,  unlike  either  native  bovine  Hb  (which  exacerbates 
toxicity)  or  Peg-Hb  (which  showed  intermediate  toxicity). 

11.  Use  of  standard  and  novel  markers  of  oxidative  stress  to  assess  the  effect  of  secondary  HS  after  TBI  on 
oxidative  stress  and  study  the  role  of  the  nitroxide  moieties  in  PNPH  in  vivo  and  in  vitro.  This  included 
development  of  oxidative  lipidomics  methods  for  in  vivo  application  in  TBI  and  TBI+HS,  specifically 
showing  early  selective  oxidation  of  the  mitochondrial  lipid,  cardiolipin  which  is  linked  to  apoptosis. 

12.  Characterization  of  functional  outcome  (assessed  by  Morris  water  maze  testing)  in  our  combined 
TBI+HS  model  in  mice,  which  should  be  extremely  useful  to  take  PNPH  to  IND  and  for  a  number  of 
newly  funded  initiatives  for  the  US  Army  and  DARPA  to  screen  novel  therapies  for  blast  TBI  and 
polytrauma. 

REPORTABLE  OUTCOMES 

1.  Publication  of  our  first  paper  supported  by  this  grant  (1)  titled  “Hemorrhagic  Shock  after  Experimental 
Traumatic  Brain  Injury  in  Mice:  Effect  on  Neuronal  Death,”  describing  our  mouse  model  of  TBI+HS  in 
the  June  2009  issue  of  the  Journal  of  Neurotrauma.  This  model  was  very  useful  for  studying  the  effects 
of  both  PNA  and  PNPH  in  TBI  resuscitation  as  described  in  this  report.  It  will  also  be  very  useful  for 
future  DOD  funded  studies  to  screen  new  potential  therapies  for  TBI  resuscitation  in  combat  casualty 
care. 

2.  Publication  of  a  second  paper  supported  by  this  grant  (2)  titled  “Resuscitation  of  Traumatic  Brain  Injury 
and  Hemorrhagic  Shock  with  Polynitroxyl  Albumin:  Effects  on  Acute  Hemodynamics,  Survival,  and 
Hippocampal  Histology,”  in  the  Dec  2009  issue  of  the  Journal  of  Neurotrauma  describing  the  efficacy 
of  the  novel  compound  polynitroxylated  albumin  (PNA)  as  a  small  volume  resuscitation  solution  with 
similar  efficacy  as  HEX  and  a  favorable  profile  vs  either  LR  or  HS  in  our  experimental  model  of 
TBI+HS.  However,  none  of  these  solutions  (including  PNA)  conferred  neuroprotection  against  neuronal 
death  in  the  CAl  or  CAS  regions  of  the  hippocampus,  which  are  important  targets  for  TBI  victims. 

3.  Publication  of  a  third  paper  supported  by  this  grant  describing  successful  development  and  application 
of  a  novel  oxidative  lipidomics  method  to  assess  mitochondrial  oxidative  stress  including  early,  selective 
oxidation  of  the  mitochondrial  lipid  cardiolipin  after  experimental  TBI  in  rats.  That  work  was  titled 
“Selective  Early  Cardiolipin  Oxidation  after  Brain  Trauma:  A  Lipidomics  Analysis,”  and  is  published  as 
a  full  paper  in  Annals  of  Neurology  (3).  It  is  already  a  highly  cited  paper. 

4.  Preparation,  submission,  revision  and  re-submission  of  our  fourth  paper  supported  by  this  grant  (4)  titled 
“Polynitroxylated  Pegylated  Hemoglobin:  A  Novel  Neuroprotective  Hemoglobin  for  Acute  Volume- 
Limited  Fluid  Resuscitation  after  Combined  Traumatic  Brain  Injury  and  Hemorrhagic  Hypotension  in 
Mice”  to  the  journal  Critical  Care  Medicine.  This  manuscript  describes  both  our  in  vivo  and  in  vitro 
work  showing  unique  neuroprotection  of  the  novel  HBOC  PNPH  both  in  our  mouse  model  of  TBI+HS 
and  in  three  in  vitro  model  systems,  namely,  1)  primary  rat  neuronal  culture,  2)  glutamate/glycine- 
induced  neuronal  death  in  culture,  and  3)  neuronal  stretch  injury  in  culture.  We  also  reported  that  in 
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vivo,  PNPH  acts  as  a  small  volume  resuscitation  solution,  but  as  indicated  it  has  unique  neuroproteetive 
properties,  unlike  PNA,  HEX,  LR,  or  hypertonie  saline.  In  the  in  vitro  studies,  PNPH  was  eompared  to 
the  parent  unmodified  bovine  Hb  which  was  actually  neurotoxic,  and  pegylated  (Peg)  Hb  (Peg-Hb), 
which  showed  intermediate  neuroproteetion.  We  believe  that  these  findings  are  important  to  the 
blood  substitute,  TBI,  and  resuscitation  fields,  and  represent  a  seminal  finding. 

5.  Demonstration  that  PNPH  improves  Pbt02  vs  LR  in  experimental  TBI+HS  resuseitation  and 
presentation  of  that  work  at  two  international  meetings  (26,  29). 

6.  Demonstration  that  PNPH  also  improves  hemodynamies  in  the  setting  of  experimental  TBI  without 
HS — a  finding  whieh  would  potentially  allow  safe  use  of  PNPH  in  the  broader  application  of  TBI 
resuscitation — when  hypotension  after  injury  may  be  present  even  without  obvious  hemorrhage. 

7.  Establishment  of  an  in  vitro  neuronal  stretch  model  using  primary  neuron  eulture  in  our  eenter  for  study 
of  in  vitro  TBI.  This  model  was  used  to  confirm  the  unique  direct  neuroproteetive  effects  will  be  used  in 
our  future  DOD  supported  work  to  aid  in  screening  drugs  for  potential  neuroproteetion  in  TBI  for 
combat  casualty  care. 

8.  Establishment  and  complete  characterization  ineluding  hemodynamie  and  PbtOi  monitoring,  functional 
outcome  testing  (Morris  water  maze),  and  long-term  neuropathology  of  a  severe  pressure  eontrolled  HS 
model  of  eombined  TBI+HS  in  miee.  This  model  was  very  useful  for  studying  the  effects  of  PNPH  in 
TBI  resuscitation  as  described  in  this  report.  It  will  also  be  very  useful  for  future  DOD  funded  studies  to 
screen  new  potential  therapies  for  TBI  resuscitation  in  combat  casualty  care. 

9.  A  total  of  20  national  and  international  presentations  of  this  work  were  made  including  plenary 
presentations  at  ATACCC,  the  National  Neurotrauma  Soeiety  and  to  the  NIH  (18,  20,  30). 

10.  A  total  of  8  trainees  worked  on  this  projeet,  including  three  fellows,  a  resident,  a  PhD  candidate,  and 
three  medieal  students.  One  of  the  trainees  received  the  In  Training  Award  from  the  SCCM,  one 
reeeived  a  Scientifie  Award  from  the  SCCM,  and  one  trainee  was  an  officer  in  the  US  Navy. 

Please  note  that  Co-investigators  Drs.  Li  Ma  and  Carleton  Hsia  at  SynZyme  Technologies,  have  synthesized 
and  provided  PNA  and  PNPH  for  all  of  the  studies  that  were  carried  out  over  the  4  years  of  funding.  Please  see 
report  from  work  by  Synzyme  Technologies. 

CONCLUSIONS 

Taken  together,  our  exciting  and  considerable  work  accomplished  in  this  4-year  funding  period  suggest 
that  initial  pre-hospital  resuscitation  with  PNPH  could  have  significant  and  unique  benefit  to  soldiers  and 
civilians  with  TBI  who  experience  hypotension  and/or  HS.  Our  data  suggest  that  PNPH  is  a  very  unique 
and  exciting  neuroproteetive  Hb  that  may  represent  a  paradigm  shift  in  the  blood  substitute  field.  It 
appears  to  have  very  great  potential  in  TBI  resuscitation.  We  are,  thus,  poised  to  develop  further  PNPH 
as  a  therapeutic  drug  candidate  moving  forward  to  an  IND  for  TBI  resuscitation  in  both  combat  casualty 
care  and  civilian  TBI. 
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Abstract 

Traumatic  brain  injury  (TBI)  from  blast  injury  is  often  complicated  by  hemorrhagic  shock  (HS)  in  victims  of 
terrorist  attacks.  Most  studies  of  HS  after  experimental  TBI  have  focused  on  intracranial  pressure;  few  have  ex¬ 
plored  the  effect  of  HS  on  neuronal  death  after  TBI,  and  none  have  been  done  in  mice.  We  hypothesized  that 
neuronal  death  in  CAl  hippocampus  would  be  exacerbated  by  HS  after  experimental  TBI.  C57BL6J  male  mice 
were  anesthetized  with  isoflurane,  mean  arterial  blood  pressure  (MAP)  was  monitored,  and  controlled  cortical 
impact  (CCI)  delivered  to  the  left  parietal  cortex  followed  by  continued  anesthesia  (CCI-only),  or  either  60  or 
90  min  of  volume-controlled  HS.  Parallel  60-  or  90-min  HS-only  groups  were  also  studied.  After  HS  (±CCI), 
6%  hetastarch  was  used  targeting  MAP  of  >50  mm  Hg  during  a  30-min  Pre-Hospital  resuscitation  phase.  Then, 
shed  blood  was  re-infused,  and  hetastarch  was  given  targeting  MAP  of  >60  mm  Hg  during  a  30-min  Defini¬ 
tive  Care  phase.  Neurological  injury  was  evaluated  at  24  h  (fluorojade  C)  or  7  days  (CAl  and  CA3  hippocam¬ 
pal  neuron  counts).  HS  reduced  MAP  to  30-40  mm  Hg  in  all  groups,  p  <  0.05  versus  CCI-only.  Ipsilateral  CAl 
neuron  counts  in  the  90-min  CCI+HS  group  were  reduced  at  16.5  ±  14.1  versus  30.8  ±  6.8,  32.3  ±  7.6,  30.6  ± 
2.2,  28.1  ±  2.2  neurons/100  pum  in  CCI-only,  60-min  HS-only,  90-min  HS-only,  and  60-min  CCI+HS,  respec¬ 
tively,  all  p  <  0.05.  CA3  neuron  counts  did  not  differ  between  groups.  Fluorojade  C  staining  confirmed  neu- 
rodegeneration  in  CAl  in  the  90-min  CCI+HS  group.  Our  data  suggest  a  critical  time  window  for  exacerba¬ 
tion  of  neuronal  death  by  HS  after  CCI  and  may  have  implications  for  blast  injury  victims  in  austere 
environments  where  definitive  management  is  delayed. 

Key  words:  blast;  controlled  cortical  impact;  delayed  neuronal  death;  hippocampus;  hypotension;  mouse;  poly¬ 
trauma;  resuscitation;  secondary  insult;  selective  vulnerability 


Introduction 

The  important  role  of  secondary  insults  in  increasing 
morbidity  and  mortality  after  traumatic  brain  injury 
(TBI)  is  widely  recognized,  both  experimentally  and  clini¬ 
cally.  The  combination  of  TBI  and  hemorrhagic  shock  (HS) 
has  taken  on  special  importance  in  both  military  and  civil¬ 
ian  settings  as  the  result  of  terrorist  attacks  with  improvised 
explosive  devices,  which  inflict  TBI  and  other  extracerebral 
injuries  (Gawande,  2004;  Gutierrez  de  Ceballos  et  al.,  2005). 
The  report  of  Chesnut  et  al.  (1993),  reviewing  the  NIH  Trau¬ 
matic  Coma  Databank,  correlated  hypotension  and  hypox¬ 
emia  with  doubled  morbidity  and  mortality  after  TBI  in  hu¬ 
mans,  identifying  hypotension  as  the  single  most  critical 


parameter.  Subsequent  work  has  confirmed  the  critical  detri¬ 
mental  role  of  secondary  insults  after  TBI  in  the  intensive 
care  unit  (ICU)  (Gopinath  et  al.,  1994).  The  marked  deleteri¬ 
ous  effects  of  secondary  insults  have  been  confirmed  in  the 
setting  of  blast  polytrauma  (Nelson  et  al.,  2006).  Early  re¬ 
ports  of  exacerbation  of  brain  injury  by  secondary  insults  in 
experimental  TBI  included  work  in  the  cats  by  Nelson  et  al. 
(1979),  Jenkins  et  al.  (1986),  and  Barron  et  al,  (1988),  and  af¬ 
ter  fluid  percussion  injury  (FPI)  in  rats  by  Ishige  et  al. 
(1987a,b),  where  brief  periods  of  hypoxemia  were  used.  Ex¬ 
acerbation  of  hippocampal  neuronal  death  in  the  C A3  region 
by  a  secondary  hypoxic  insult  was  later  observed  by  Clark 
et  al.  (1997)  using  a  hypoxic  admixture  to  achieve  a  Pa02  of 
—40  mm  Hg  after  controlled  cortical  impact  (CCI),  and  ex- 
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acerbated  hippocampal  neuronal  death  in  CAl  was  reported 
by  Jenkins  et  al.  (1989)  with  transient  carotid  occlusion  and 
hemorrhagic  hypotension  (producing  forebrain  ischemia)  af¬ 
ter  FPI  in  rats.  In  rodent  models  of  experimental  TBI  alone, 
neurons  in  the  CA3  and  hilar  sectors  of  the  hippocampus 
generally  exhibit  the  greatest  vulnerability  (Lowenstein  et  al., 
1992),  while  pyramidal  neurons  in  the  CAl  sector  of  the  hip¬ 
pocampus  are  classically  selectively  vulnerable  to  ischemia 
or  hypoxemia  (Kirino,  1982).  Both  CAl  and  CA3  hippocam¬ 
pal  neuronal  death  are  often  identified  on  post-mortem  ex¬ 
amination  after  fatal  TBI  in  humans  (Kotapka  et  al.,  1994). 
And  these  patients  typically  had  secondary  insults. 

The  post-TBI  milieu  is  characterized  by  primary  injury, 
cascades  of  secondary  injury  and  repair,  and  less  well  rec¬ 
ognized  perturbations  of  normal  homeostatic  mechanisms. 
Considerable  evidence  supports  the  existence  of  marked  vul¬ 
nerability  of  the  traumatically  injured  brain  early  after  in¬ 
sult.  A  number  of  mechanisms  are  proposed  to  mediate  this 
enhanced  vulnerability  including  hypoperfusion  and  re¬ 
duced  oxygen  delivery,  disturbed  autoregulation  of  cerebral 
blood  flow  (CBF),  excitotoxicity,  and  mitochondrial  failure, 
among  others  (DeWitt  et  al.,  1995).  These  mechanisms  may 
create  an  environment  in  the  acutely  injured  brain  that  ren¬ 
ders  it  vulnerable  to  a  level  of  hypotension  and  anemia  from 
HS  that  would  otherwise  be  tolerated.  In  addition,  secondary 
injury  mechanisms  during  resuscitation  and  reperfusion 
may  further  exacerbate  the  evolution  of  damage.  Given  that 
HS  produces  maximal  vasoconstriction  in  the  splanchnic  cir¬ 
culation  (while  the  brain  is  relatively  protected),  visceral 
ischemia  with  resultant  release  of  pro-inflammatory  media¬ 
tors  and/or  translocation  of  intestinal  flora  may  also  play  a 
role  in  amplifying  secondary  brain  damage  (Vatner,  1974; 
Myers  et  al.,  1994).  This  complex  secondary  injury  cascade 
in  the  setting  of  combined  TBI  and  HS  is  poorly  understood. 

Previous  experimental  models  of  combined  TBI  and  HS 
have  focused  on  hemodynamics  and  the  effect  of  fluid  re¬ 
suscitation  on  intracranial  pressure  (ICP)  and  related  in¬ 
tracranial  dynamics  using  large  animals  (DeWitt  et  al., 
1992a,b;  Glass  et  al.,  1999).  Few  studies  have  explored  the  ef¬ 
fect  of  HS  on  neuronal  death  mechanisms  after  TBI  in  ro¬ 
dents  (Matsushita  et  al.,  2001),  but  none,  to  our  knowledge, 
has  specifically  examined  the  impact  of  HS  on  hippocampal 
neuronal  death  in  selectively  vulnerable  brain  regions.  There 
has  also  been  a  paucity  of  investigation  of  combined  TBI  and 
secondary  insults  in  mice,  a  species  ideal  for  mechanistic  and 
therapeutic  investigation  due  to  ready  availability  of  tar¬ 
geted  mutant  strains. 

We  report  the  characterization  of  a  clinically  relevant 
mouse  model  of  combined  TBI  and  HS,  and  resuscitation  in¬ 
cluding  physiologic  monitoring  and  neuropathologic  evalu¬ 
ation.  We  hypothesized  that  a  level  of  HS  that  alone  pro¬ 
duces  no  neuronal  damage  (Carrillo  et  al.,  1998)  would 
increase  neuronal  death  after  experimental  TBI  in  the  CAl 
ischemia-vulnerable  region  of  the  hippocampus. 

Methods 

Study  groups  and  experimental  protocol 

The  Institutional  Animal  Care  and  Use  Committee  of  the 
University  of  Pittsburgh  School  of  Medicine  approved  all  ex¬ 
periments.  Male  C57BL6J  mice  (Jackson  Laboratories,  Bar 
Harbor,  ME),  12-15  weeks  of  age  and  weighing  27  ±  1.8  g. 


were  housed  under  controlled  environmental  conditions  and 
allowed  ad  libitum  food  and  water  until  study. 

Anesthesia  was  induced  with  4%  isoflurane  in  oxygen  and 
maintained  with  1%  isoflurane  in  2:1  N2O/ O2  via  nose  cone. 
Inguinal  cut-down  and  insertion  of  central  femoral  venous 
and  arterial  catheters  was  accomplished  under  sterile  con¬ 
ditions  using  modified  polyethylene  (PE)-50  tubing.  After 
placement  of  the  mouse  in  a  stereotaxic  frame,  a  5-mm  cran¬ 
iotomy  was  performed  over  the  left  parietotemporal  cortex 
with  a  dental  drill,  and  the  bone  flap  was  removed.  A  brain 
temperature  micro-probe  (Physitemp,  Clifton,  NJ)  was  in¬ 
serted  through  a  left  frontal  burr  hole,  and  a  rectal  probe 
placed  to  monitor  body  temperature.  Immediately  after  cran¬ 
iotomy,  the  inhalational  anesthesia  was  changed  to  1% 
isoflurane  and  room  air  for  a  10-min  equilibration  period 
prior  to  beginning  the  injury  protocols. 

While  brain  temperature  was  maintained  at  37  ±  0.5°C, 
mild-moderate  CCI  was  performed  with  a  pneumatic  im- 
pactor  (Bimba,  Monee,  IL)  as  previously  reported  with  mod¬ 
ifications  (Sinz  et  al.,  1999;  Whalen  et  al.,  1999).  A  3-mm  flat- 
tip  impounder  was  deployed  at  a  velocity  of  5  m/ sec  and  a 
depth  of  1  mm.  This  injury  level  for  CCI  was  specifically  cho¬ 
sen  to  produce  a  contusion  but  no  appreciable  loss  of  hip¬ 
pocampal  neurons  in  any  subfield,  in  the  absence  of  HS, 
based  on  prior  work  with  this  model  in  mice  by  our  group 
(Kochanek  et  al.,  2006;  Foley  et  al.,  2008),  along  with  addi¬ 
tional  pilot  studies. 

A  diagram  of  the  experimental  paradigm  for  TBI,  shock, 
and  resuscitation  is  provided  in  Figure  1.  To  model  a  level 
of  HS  that  was  clinically  relevant,  we  performed  a  series  of 
pilot  experiments  to  determine  the  amount  of  hemorrhage 
volume  necessary  to  reduce  the  mean  arterial  blood  pressure 
(MAP)  to  achieve  a  stable  MAP  of  —35^0  mm  Fig  in  all 
groups.  Based  on  prior  studies,  we  did  not  anticipate  that 
this  level  of  HS  alone  would  produce  brain  injury  (Carillo  et 
al.,  1998).  Similarly,  based  on  prior  studies  of  the  effect  of 
HS  on  MAP  in  rodents  with  or  without  TBI  (Yuan  and  Wade, 
1992),  and  by  a  series  of  pilot  experiments,  it  was  determined 
that  in  mice  subjected  to  HS  alone,  a  volume  of  2.7  mL/100 
g  was  needed  to  achieve  this  target  MAP  range.  In  contrast, 
but  as  anticipated,  after  CCI,  a  smaller  volume  of  2.0/100  g 
was  required,  consistent  with  the  well-described  enhanced 
sensitivity  to  the  hypotensive  effects  of  hemorrhage  after  TBI 
(Yuan  and  Wade,  1992;  Law  et  al.,  1996).  In  all  mice,  HS  was 
induced  over  15  min  in  a  decelerating  fashion,  with  50%  of 
the  total  volume  removed  over  the  first  5  min,  25%  over  the 
next  5  min,  and  the  final  25%  over  the  last  5  min.  Mice  re¬ 
mained  in  unresuscitated  HS  for  an  additional  45  or  75  min 
for  a  total  Shock  phase  of  either  60  or  90  min,  to  study  the  ef¬ 
fect  of  HS  duration  on  neuropathological  outcome  after  CCI. 
After  completion  of  the  blood  withdrawal,  mice  transiently 
auto-resuscitated  to  a  MAP  of  —45-55  mm  Hg,  but  then 
rapidly  re-equilibrated  and  maintained  MAP  in  the  target 
range  for  the  remainder  of  the  desired  60-90-min  Shock 
phase.  After  completion  of  the  HS  interval,  a  30-min  Pre-Hos¬ 
pital  phase  was  initiated,  and  6%  hetastarch  (Hextend,  Hos- 
pira,  INC.,  Lake  Forest,  IL)  was  rapidly  infused  in  0.1-mL 
aliquots  to  achieve  a  MAP  of  >50  mm  Hg.  To  simulate  ar¬ 
rival  at  more  Definitive  Care,  mice  were  then  switched  from 
1%  isoflurane  in  room  air  to  1%  isoflurane  in  oxygen.  For 
this  30-min  interval,  shed  blood  was  first  rapidly  re-infused, 
and  a  goal  MAP  of  >60  mm  Hg  was  maintained  with  addi- 
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tional  6%  hetastarch,  again  administered  in  0.1 -mL  aliquots. 
At  completion  of  the  Definitive  Care  phase,  catheters  were  re¬ 
moved,  anesthesia  discontinued,  and  mice  recovered  in  sup¬ 
plemental  oxygen  for  30  min  before  being  returned  to  their 
cages. 

Mice  were  randomized  to  one  of  five  study  groups  {n  = 
10  per  group),  and  underwent  procedures  or  equivalent 
anesthesia  and  monitoring  as  designated:  (1)  CCI-only,  (2) 
60  min  of  HS  only  [60HS-only],  (3)  90  min  of  HS-only  [90HS 
only],  (4)  CCI  followed  immediately  by  60  min  of  HS 
[60CCI-KHS],  or  (5)  CCI  followed  immediately  by  90  min  of 
HS  [90CCI-KHS].  Mice  in  the  CCI-only  group  underwent  CCI 
without  HS,  but  were  maintained  under  identical  anesthesia 
and  monitoring  to  the  combined  injury  groups  for  a  60-min 
interval.  Mice  in  the  HS-only  group  underwent  either  60  or 
90  min  of  HS  without  craniotomy  or  CCI,  but  again  were 
maintained  under  identical  anesthesia  and  monitoring  as  the 
combined  injury  groups.  Mice  in  the  CCI-^HS  groups  un¬ 
derwent  CCI  followed  by  HS  of  either  60  or  90  min  duration 
as  described  above. 

Monitoring  protocol 

MAP  was  continuously  monitored  via  the  femoral  artery 
and  recorded  at  baseline,  after  CCI,  and  every  5  min  during 
HS  and  resuscitation;  heart  rate  was  continuously  monitored 
and  recorded  at  baseline  and  once  during  each  phase.  Lab¬ 
oratory  evaluation  with  arterial  blood  gas  determinations, 
and  blood  lactate,  glucose,  hematocrit,  sodium,  potassium, 
ionized  calcium,  and  ionized  magnesium  was  obtained  at 
baseline,  30  min  into  the  Shock  phase,  and  at  the  end  of  the 
Definitive  Care  phase. 

Histology  protocol 

At  24  h  (n  =  4  per  group)  or  7  days  (n  =  6  per  group)  af¬ 
ter  experiments,  mice  were  re-anesthetized  with  4%  isoflu- 


rane  and  killed  by  ice-cold  saline  transcardial  perfusion,  fol¬ 
lowed  by  10%  buffered  formalin  phosphate  perfusion  and 
fixation  of  brains  with  subsequent  embedding  in  paraffin  at 
2  weeks.  Multiple  5-/rm  sections,  200  /rm  apart,  from  bregma 
-1.86  to  -2.26,  were  prepared  from  each  brain,  and  stained 
with  hematoxylin  and  eosin  (H&E;  Thermo  Scientific,  Pitts¬ 
burgh,  PA).  Additional  5- /mm  sections  were  obtained  from 
the  interval  tissue  and  stained  with  Fluoro-Jade  C  (FJC; 
Chemicon,  Temecula,  CA)  to  evaluate  for  neuronal  degen¬ 
eration  at  24  h  (Schmued  et  al,  2005).  Sections  stained 
with  FJC  were  assessed  qualitatively.  Hippocampal  neuronal 
damage  was  quantified  with  7-day  cell  counts  in  H&E 
sections  by  blinded  evaluator  using  Image  J  {http://rsb. 
info.nih.gov/ij/).  Cell  counts  were  quantified  in  CAI  and  CA3, 
and  are  reported  as  the  average  number  of  normal  appear¬ 
ing  neurons  per  I00-/rm  hippocampal  pyramidal  cell  layer 
length.  The  5-^tm  H&E  sections  taken  from  bregma  —1.86  to 
—2.26  were  also  qualitatively  evaluated  by  a  neuropatholo¬ 
gist  (R.H.G.)  blinded  to  treatment  group. 

Statistical  analysis 

Physiologic  parameters  and  cell  counts  were  compared  be¬ 
tween  groups  using  one-way  analysis  of  variance  (ANOVA) 
and  post-hoc  tests  with  appropriate  correction  for  multiple 
comparisons.  All  data  are  provided  as  mean  ±  standard  er¬ 
ror  of  the  mean  (SEM).  The  primary  outcome  parameter  of 
the  study  was  neuron  counts  in  CAI  hippocamus  ipsilateral 
to  CCI  (or  in  the  left  hippocampus  in  HS-only).  Significance 
was  determined  by  a  p  value  of  <0.05. 

Results 

Physiology 

Table  I  provides  a  summary  of  important  physiologic 
variables.  MAP  (the  mean  of  all  values  for  each  group  dur- 


FIG.  1.  Diagram  depicting  the  overall  scheme  and  timen  course  of  experiment  protocol  used  in  this  study  (CCI,  controlled  cor¬ 
tical  impact;  HS,  hemorrhagic  shock;  FJC,  Fluoro-Jade  C;  H&E,  hematoxylin  and  eosin;  MAP,  mean  arterial  blood  pressure). 
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Table  1.  Physiologic  Data  (Mean  Arterial  Blood  Pressure, 
Hematocrit,  Lactate,  and  Base  Deeicit) 


Baseline 

Shock 

Definitive  care 

MAP  (mmHg) 

CCI  only 

85.4  ±  6.6 

80.2  ±  4.0 

77.0  ±  2.5 

60  HS  only 

90.2  ±  3.6 

35.5  ±  3.6 

74.5  ±  5.4 

90  HS  only 

89.8  ±  5.3 

39.3  ±  4.1 

72.8  ±  4.3 

60  CCI  +  HS 

88.5  ±  8.4 

34.3  ±  5.0 

69.9  ±  5.0 

90  CCI  +  HS 

85.4  ±  5.5 

36.3  ±  6.4 

69.9  ±  6.9 

HCT  (%) 

CCI  only 

38.7  ±  4.6 

36.3  ±  4.5 

32.4  ±  4.3 

60  HS  only 

36.6  ±  1.4 

27.6  ±  1.8 

30.1  ±  1.9 

90  HS  only 

35.7  ±  1.1 

26.6  ±  1.7 

29.3  ±  1.8 

60  CCI  +  HS 

37.1  ±  3.7 

27.7  ±  3.7 

28.5  ±  2.4 

90  CCI  +  HS 

36.8  ±  2.6 

28.3  ±  2.0 

28.3  ±  2.0 

Lactate  (mmoI/L) 

CCI  only 

2.5  ±  0.1 

2.4  ±  0.3 

1.8  ±  0.2 

60  HS  only 

2.2  ±  0.1 

4.0  ±  0.4 

1.6  ±  0.1 

90  HS  only 

2.3  ±  0.1 

3.2  ±  0.2 

1.6  ±  0.1 

60  CCI  +  HS 

2.6  ±  0.2 

3.5  ±  0.3 

1.9  ±  0.2 

90  CCI  +  HS 

2.5  ±  0.2 

4.2  ±  0.4 

2.2  ±  0.1 

Base  deficit  (mmoI/L) 

CCI  only 

-4.7  ±  0.4 

-5.2  ±  0.4 

-5.7  ±  1.5 

60  HS  only 

-4.7  ±  0.7 

-6.9  ±  0.4 

-4.8  ±  0.2 

90  HS  only 

-4.7  ±  0.3 

-6.6  ±  0.2 

-5.4  ±  0.4 

60  CCI  +  HS 

-4.7  ±  0.3 

-8.1  ±  0.6 

-4.9  ±  0.5 

90  CCI  +  HS 

-4.7  ±  0.4 

-7.2  ±  0.3 

-5.1  ±  0.5 

MAP,  mean  arterial  blood  pressure;  HCT,  hemocrit;  CCI,  controlled  cortical  impact;  HS,  hemorrhagic  shock. 


ing  the  HS  interval)  was  significantly  lower  during  Shock  in 
all  groups  with  HS  compared  to  CCI  only  (60HS-only,  90HS- 
only,  60CCI+HS,  and  90CCI+HS,  respectively,  all  p  <  0.05 
versus  CCI-only).  In  addition,  the  MAP  during  HS  for  all 
groups  was  within  the  target  range  of  30-40  mm  Hg.  Dur¬ 
ing  Pre-Hospital  resuscitation,  MAP  increased  into  the  target 
range  of  >50  mm  Hg  in  all  groups  and  was  50-60  mm  Hg 
in  all  of  the  HS  groups  (with  or  without  TBI,  data  not  shown). 
In  contrast,  MAP  in  the  CCI-only  group  was  higher,  as  an¬ 


ticipated,  at  77.3  ±  3.0  mm  Hg.  During  Definitive  Care  resus¬ 
citation,  MAP  recovered  to  >70  mm  Hg  in  the  HS-only 
groups,  while  60CCI+HS  and  90CCI+HS  were  nearly  70 
mm  Hg  at  69.9  ±  5.0  and  69.9  ±  6.9  mm  Hg,  respectively. 

Hematocrit  decreased  by  —30%  in  mice  subjected  to  HS 
and  CCI+HS  during  Shock  and  Pre-Hospital  phases;  hemat¬ 
ocrit  partially  recovered  in  all  groups  in  Definitive  Care  (Table 
1).  Ostensibly,  lack  of  complete  recovery  resulted  from  he- 
modilution  from  volume  resuscitation,  with  hetastarch  re- 


Table  2.  Physiologic  Data  (pH,  PaC02,  and  Pa02) 

Baseline  Shock  Definitive  care 


pH 

CCI  only 
60  HS  only 
90  HS  only 
60  CCI  +  HS 
90  CCI  +  HS 
paC02  (torr) 
CCI  only 
60  HS  only 
90  HS  only 
60  CCI  +  HS 
90  CCI  +  HS 
pa02  (torr) 

CCI  only 
60  HS  only 
90  HS  only 
60  CCI  +  HS 
90  CCI  +  HS 


7.34  ±  0.01 
7.38  ±  0.01 

7.36  ±  0.01 

7.36  ±  0.01 

7.37  ±  0.01 

37.0  ±  3.4 

31.6  ±  2.4 

33.6  ±  3.1 

33.5  ±  3.9 

33.3  ±  4.3 

162.3  ±  7.9 
163.0  ±  17.0 

157.6  ±  13.7 

154.2  ±  14.3 

168.7  ±  12.3 


7.37  ±  0.01 

7.40  ±  0.01 

7.41  ±  0.01 
7.36  ±  0.02 

7.38  ±  0.01 

31.7  ±  3.9 

25.3  ±  1.6 

25.3  ±  1.5 

26.9  ±  1.8 

26.9  ±  1.9 

79.4  ±  9.0 

99.9  ±  8.5 

93.2  ±  6.8 

87.6  ±  9.9 

92.2  ±  10.7 


7.33  ±  0.02 
7.35  ±  0.01 

7.33  ±  0.01 

7.34  ±  0.01 
7.31  ±  0.02 

35.2  ±  4.7 

35.8  ±  2.2 

36.7  ±  3.4 

36.4  ±  4.2 
40.0  ±  6.6 

446.4  ±  25.0 
441.1  ±  10.5 
432.3  ±  18.4 
444.6  ±  27.2 

465.9  ±  19.9 


CCI,  controlled  cortical  impact;  HS,  hemorrhagic  shock. 
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Table  3.  Physiologic  Data  (Sodium,  Glucose,  and  Oxmolality) 


Baseline 

Shock 

Definitive  care 

Sodium  (mmol/L) 

CCI  only 

142.1  ±  0.3 

142.6  ±  0.6 

142.6  ±  0.7 

60  HS  only 

142.6  ±  0.3 

140.8  ±  0.2 

143.5  ±  0.3 

90  HS  only 

142.4  ±  0.4 

140.2  ±  0.5 

143.3  ±  0.2 

60  CCI  +  HS 

142.7  ±  0.4 

140.4  ±  0.4 

143.1  ±  0.5 

90  CCI  +  HS 

142.1  ±  0.5 

140.5  ±  0.5 

144.0  ±  0.5 

Glucose  (mg/dL) 

CCI  only 

88.8  ±  10.9 

134.0  ±  19.9 

87.1  ±  6.7 

60  HS  only 

92.9  ±  7.2 

169.0  ±  11.0 

74.8  ±  8.1 

90  HS  only 

101.9  ±  9.3 

151.1  ±  12.2 

71.6  ±  5.8 

60  CCI  +  HS 

94.7  ±  9.7 

148.5  ±  20.6 

73.8  ±  4.2 

90  CCI  +  HS 

87.6  ±  11.9 

179.9  ±  10.2 

85.4  ±  6.7 

Osmolality  (mOsm/kg) 

CCI  only 

290.0  ±  1.1 

294.8  ±  1.7 

292.3  ±  1.3 

60  HS  only 

289.9  ±  1.2 

293.2  ±  1.2 

293.5  ±  0.9 

90  HS  only 

293.2  ±  1.3 

293.4  ±  1.8 

296.3  ±  1.8 

60  CCI  +  HS 

291.2  ±  1.3 

291.9  ±  1.7 

293.0  ±  1.3 

90  CCI  +  HS 

291.9  ±  2.7 

293.4  ±  1.8 

296.3  ±  1.8 

CCI,  controlled  cortical  impact;  HS,  hemorrhagic  shock. 


quired  to  maintain  MAP.  Fluid  requirements  during  Pre-Hos¬ 
pital  and  Definitive  Care  were  0.29  ±  0.1,  0.24  ±  0.1,  0.34  ± 
0.1,  and  0.34  ±  0.1  mL  of  6%  hetastarch  in  60HS-only  and 
90HS-only  versus  60CCI+HS  and  90CCI+HS  groups,  re¬ 
spectively,  and  did  not  significantly  differ  between  groups. 

Not  surprisingly,  compared  to  CCI-only,  groups  subjected 
to  HS  or  CCI+HS  had  higher  lactate  levels  and  greater  base 
deficits  during  Shock;  all  measurements  were  taken  at  the 
same  protocol  time-point.  These  values  were  significant  at 
p  =  0.05  for  CCI  versus  60CCI+HS  and  90CCI+HS  groups 
for  base  deficit  during  Shock.  For  blood  lactate  levels,  there 


was  a  predictable  rise  and  fall  during  Shock  and  both  resus¬ 
citation  phases  in  60HS,  90HS,  and  60CCI+HS  groups  com¬ 
pared  to  CCI-only  {p  =  0.05);  however,  lactate  levels  in  the 
90CCI+HS  group  continued  to  be  significantly  albeit  mildly 
higher  during  Definitive  Care  as  well,  likely  reflecting  contin¬ 
ued  lactate '' wash-out"  with  resuscitation  after  prolonged  HS. 

All  groups  had  similar  trends  in  Pa02  (Table  2);  there  was 
appropriate  equilibration  after  room  air  administration  and 
the  expected  increase  with  initiation  of  100%  oxygen  during 
Definitive  Care.  PaC02  decreased  in  HS-only  and  CCI+HS 
groups  during  Shock,  while  pH  did  not,  a  difference  likely 
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FIG.  2.  Average  number  of  surviving  CAl  hippocampal  neurons  per  100-^tm  length  for  each  experimental  group,  both 
ipsilateral  (light  bars)  and  contralateral  (dark  bars).  Data  are  mean  and  SEM,  n  =  6  for  each  group,  y  <  0.05  compared  to 
all  other  groups  (HS,  hemorrhagic  shock;  CCI,  controlled  cortical  impact). 
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related  to  compensatory  hyperventilation.  There  were  no  sig¬ 
nificant  differences  between  groups  with  regard  to  glucose, 
osmolality,  sodium,  potassium,  ionized  calcium,  or  ionized 
magnesium  at  any  of  the  sampling  times  (Table  3,  all  data 
not  shown). 

Neuropathology 

Hippocampal  neuron  counts.  Surviving  CAl  neuron 
counts  in  dorsal  hippocampus  ipsilateral  to  injury  in  the 
90CCI+HS  group  were  significantly  reduced  compared  to 
all  other  study  groups  (Fig.  2).  Average  ipsilateral  CAl  neu¬ 
ron  counts  90CCI+HS  were  16.5  ±  14.1  versus  30.8  ±  6.8, 
32.3  ±  7.6,  30.6  ±  2.2,  and  28.1  ±  2.2  neurons  per  100-^tm 
pyramidal  cell  layer  length  (CCI-only,  60HS-only,  90HS- 
only,  and  60CCI+HS,  respectively,  all  p  <  0.05).  There  were 
no  significant  differences  between  groups  for  hippocampal 
neuron  counts  in  CA3  ipsilateral  to  injury  (Fig.  3)  or  in  ei¬ 
ther  CAl  or  CA3  contralateral  to  injury,  suggesting  that  CCI- 
only  at  this  relatively  mild  level,  HS-only,  or  combined  in¬ 
jury  did  not  produce  significant  neuronal  loss  in  these 
hippocampal  sub  fields.  Examples  of  mice  from  the  four  in¬ 
sult  groups  are  shown  in  Figure  4. 

H&E  neuropathologic  survey.  Review  of  7-day  H&E  sec¬ 
tions  from  90CCI+HS  mice  consistently  demonstrated  hem¬ 
orrhage  and  focal,  full-thickness  necrosis  of  the  parietal  cor¬ 
tex  overlying  the  dorsal  hippocampus  ipsilateral  to  injury. 
Moderate  acute  eosinophilic  degeneration  was  observed  in 
the  hippocampal  neurons  of  the  underlying  dorsal  subicu- 
lum,  CAl,  CA4,  and  dentate  gyrus,  particularly  the  dorsal 
blade.  Occasional  eosinophilic  neurons  were  noted  in  CA3 


of  the  hippocampus  as  well  as  in  the  dorsal  thalamus.  Scat¬ 
tered  microglial  and  neutrophil  infiltrates  were  present,  as 
was  neuropil  vacuolation.  The  contralateral  sides  lacked  ab¬ 
normal  histologic  alterations  in  the  90CCI+HS  group,  as  well 
as  in  all  other  study  groups.  Sections  from  the  CCI-only  and 
60CCI+HS  groups  demonstrated  identical  full- thickness 
necrosis  of  the  injured  parietal  cortex.  However,  unlike 
90CCI+HS,  eosinophilic  neuron  degeneration  in  CAl  and 
dentate  gyrus  was  more  mild  in  quality,  and  eosinophilic 
change  in  thalamic  neurons  was  rare.  HS-only  sections  re¬ 
vealed  no  evidence  of  neuronal  damage.  Additional  selected 
images  from  the  neuropathological  survey  are  presented  in 
Figure  5. 

FluoroJade-C  staining  at  24  h  post-insult.  FJC  positivity  at 
24  h  was  seen  predominantly  in  CAl  and  dentate  gyrus  and 
largely  restricted  to  mice  in  the  90CCI+HS  group  (Fig.  5). 
This  corresponded  with  regions  of  CAl  neuron  loss  at  7  days 
as  assessed  by  H&E  staining,  corroborating  neuronal  de¬ 
generation  in  the  observed  areas  of  subsequent  neuron  loss. 
Rare  FJC-positive  neurons  were  seen  in  60CCI+HS  mice. 

Discussion 

We  specifically  chose  a  level  of  TBI  that  produced  a  cor¬ 
tical  contusion  that  was  just  below  the  threshold  for  overt 
neuronal  loss  in  the  underlying  dorsal  hippocampus.  We 
also  selected  a  clinically  relevant  level  of  HS,  based  on  the 
work  of  Carillo  et  al.  (1998),  with  a  MAP  that  we  anticipated 
would  not  produce  neurological  injury  in  mice  subjected  to 
HS-only  at  the  durations  studied  in  our  protocol.  We  were, 
however,  surprised  that  90  min  rather  that  60  min  of  HS  was 
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FIG.  3.  Average  number  of  surviving  CA3  hippocampal  neurons  per  100-/rm  length  for  each  experimental  group,  both 
ipsilateral  (light  bars)  and  contralateral  (dark  bars).  Data  are  mean  and  SEM,  n  =  6  for  each  group.  There  were  no  differ¬ 
ences  between  groups  (HS,  hemorrhagic  shock;  CCI,  controlled  cortical  impact). 


TRAUMATIC  BRAIN  INJURY  AND  HEMORRHAGIC  SHOCK  IN  MICE 


895 


FIG.  4.  Representative  microphotographs  (original  magnification,  X20),  stained  with  hematoxylin  and  eosin  (H&E),  de¬ 
picting  the  CAl  hippocampal  sub  field  in  90HS-only  (A),  CCI-only  (B),  60CCI-KHS  (C),  and  90CCI-KHS  (D).  60HS  is  not 
shown.  Pyramidal  neuron  loss  is  evident  within  the  medial  region  of  CAl  in  the  90CCI-KHS  group.  HS,  hemorrhagic  shock; 
CCI,  controlled  cortical  impact. 


required  to  exacerbate  neuronal  death  after  the  chosen  level 
of  CCI.  When  Shock  duration  was  extended  to  90  min,  we 
observed  a  neuronal  loss  pattern  previously  well-defined  in 
experiments  of  ischemia  and  hypoxemia,  namely,  —60%  loss 
of  selectively  vulnerable  CAl  pyramidal  neurons  in  the  dor¬ 
sal  hippocampus  by  7  days  after  the  insult.  Whether  or  not 
additional  neuronal  loss  would  be  seen  at  longer  outcomes 
remains  to  be  determined.  The  duration  of  HS  required  to 
produce  hippocampal  neuronal  death  after  TBI  was  longer 
than  anticipated,  since  in  studies  of  CCI  in  rats,  addition  of 
30  min  of  hypoxemia  (Pa02  ~  40  mm  Hg)  was  sufficient 
(Clark  et  al.,  1997).  However,  systemic  hypoxemia  in  those 
studies  resulted  in  the  development  of  hypotension  after 
—15-20  min,  and  combined  hypoxemia  and  hypotension  is 
likely  to  be  particularly  deleterious  (Siesjo,  1978).  The  fact 
that  hypotension  often  develops  in  TBI  models  where  sec¬ 
ondary  hypoxemia  is  superimposed  is,  in  our  opinion,  un¬ 
derappreciated.  In  addition,  those  studies  with  hypoxemia 
in  rats  used  a  relatively  greater  injury  severity  level  than 
used  in  our  study,  which  could  also  importantly  increase  the 
level  of  vulnerability  of  the  injured  hippocampus  to  a  sec¬ 
ondary  insult.  Given  that  the  normal  MAP  in  mice  anesthe¬ 
tized  with  isoflurane  in  our  model  was  —85-90  mm  Hg,  our 


studies  indicate  that  HS  to  a  MAP  that  is  50-60%  below  base¬ 
line  can  be  tolerated  for  60  min  after  TBI,  suggesting  that 
there  may  be  a  greater  than  anticipated  therapeutic  time  win¬ 
dow  for  successful  resuscitation  to  mitigate  deleterious  con¬ 
sequences  of  a  secondary  insult  in  the  trauma tically  injured 
brain.  This  finding  is  similar  to  the  work  of  Stern  et  al.  (2000), 
who  reported  that  acute  cerebral  hemodynamic  parameters 
were  preserved  in  pigs  after  FPI,  despite  HS  to  a  MAP  of  30 
mm  Hg  for  a  period  of  60  min.  Longer  periods  of  shock  were 
not  studied  in  that  model. 

In  pilot  studies,  to  produce  an  identical  level  of  hypoten¬ 
sion  in  mice  subjected  to  either  HS  or  CCI+HS,  it  was  nec¬ 
essary  to  use  a  greater  degree  of  hemorrhage  in  HS-only  mice 
(2.7  mL/IOO  g  blood  withdrawal  versus  2.0  mL/IOO  g  in  HS- 
only  and  CCI+HS  groups,  respectively).  This  relationship 
between  TBI  and  reduced  tolerance  to  HS  has  been  reported 
(Law  et  al.,  1996;  Yuan  and  Wade,  1992)  and  suggests  a  sys¬ 
temic  consequence  of  CNS  trauma  on  blood  pressure  regu¬ 
lation.  Chesnut  et  al.  (1998)  observed  hypotension  in  humans 
with  isolated  TBI  and  without  significant  extracerebral  in¬ 
jury.  Mahoney  et  al.  (2003)  confirmed  and  expounded  on  this 
observation,  citing  possible  brainstem  involvement,  altered 
autonomic  tone,  or  massive  catecholamine  surge  with  ensu- 


896 


DENNIS  ET  AL. 


ing  transmitter  depletion,  receptor  saturation,  and  conse¬ 
quent  myocardial  depression  and  cardiovascular  collapse. 
Using  a  rat  model  of  FPI  and  HS,  Law  et  al.  (1996)  showed 
that  rodents  subjected  to  either  isolated  brain  injury  or  HS 
were  able  to  adjust  vascular  tone  to  maintain  MAP;  however, 
when  these  insults  were  combined,  compensatory  vasocon¬ 
striction  during  shock  failed  to  occur.  Yuan  et  al.  (1992) 
showed  both  suppression  of  spontaneous  MAP  recovery  in 
rats  subjected  to  combined  injury  and  attenuation  of  the 
MAP  response  to  fluid  resuscitation.  We  initially  attempted 
to  use  higher  MAP  resuscitation  goals  in  pilot  studies,  >60 
mm  Hg  MABP  in  the  Pre-Hospital  phase  and  >80  mm  Hg 
(normotension)  MAP  in  the  Definitive  Care  phase.  However, 
targeting  these  goals  resulted  in  uniform  mortality  in  unin¬ 
tubated,  spontaneously  breathing  mice.  We  observed  frank 
pulmonary  edema,  possibly  neurogenic  in  origin  or  due  to 
myocardial  depression.  The  possibility  of  cerebral  edema  in 
the  face  of  aggressive  fluid  resuscitation  also  cannot  be  ex¬ 
cluded,  as  we  have  not  yet  measured  ICP  in  this  mouse 
model.  In  this  initial  study,  we  were  concerned  that  addition 
of  invasive  ICP  monitoring  would  potentially  compromise 
long-term  survival  in  these  small  rodents.  Future  studies  of 
this  important  parameter  are  needed.  Nevertheless,  our  data 
clearly  confirm  that  the  cardiovascular  system  is  sensitized 
to  the  hemodynamic  consequences  of  HS  by  a  preceding  TBI. 

We  chose  to  use  betas tarch  as  our  resuscitation  fluid  in 
this  model,  since  it  is  the  current  standard  of  care  in  the  U.S. 
Army  for  combat  casualty  resuscitation  (Holcomb,  2003). 
Other  resuscitation  fluids  will  need  to  be  tested  in  this  model, 
since  they  may  exhibit  differing  efficacies  in  neuroprotection 
even  if  the  same  MAP  targets  are  used. 

While  we  did  not  evaluate  CBF  in  these  mice,  the  litera¬ 
ture  is  replete  with  evidence  of  cerebrovascular  dysregula- 
tion  and  regional  blood  flow  reductions  after  TBI.  Posttrau- 
matic  hypoperfusion  after  CCI  in  rats  has  been  reported 
across  laboratories  and  assessment  techniques  (Bryan  et  al., 
1995;  Hendrich  et  al.,  1999),  and  loss  of  blood  pressure  au¬ 
toregulation  of  CBF  after  TBI  has  been  reported  (Lewelt  et 
al.,  1980),  potentially  allowing  exacerbation  of  cerebral  hy¬ 
poperfusion  with  even  modest  reductions  in  MAP.  In  injured 
regions  with  increased  metabolic  requirements,  small  re¬ 
ductions  in  CBF,  or  perhaps  simply  the  failure  to  increase 
CBF  and  substrate  delivery  to  match  demands  could  be  suf¬ 
ficient  to  damage  vulnerable  neurons  when  thresholds  of  en¬ 
ergy  failure  are  reached.  Currently,  we  are  using  perfusion 
magnetic  resonance  imaging  to  study  CBF  in  this  model 
(Dennis  et  al.,  2006). 

In  the  CCI  model  in  rodents,  marked  cerebral  hypergly¬ 
colysis  has  been  reported  in  the  hippocampus  underlying  the 
contusion  (Hovda  et  al.,  1995;  Statler  et  al.,  2003).  In  HS,  ane¬ 
mia  accompanies  the  reduction  in  MAP,  and  we  observed  a 
significant  reduction  in  HCT;  therefore,  the  anticipated  re¬ 
duction  in  oxygen  and  substrate  delivery  produced  by  hy¬ 
poperfusion  would  be  amplified.  The  contribution  of  anemia 
to  the  exacerbation  of  neuronal  injury  in  combined  TBI  and 
HS,  however,  remains  to  be  defined. 

We  used  isoflurane  anesthesia  in  our  model.  Isoflurane  by 
inhalation  provides  a  consistent  level  of  anesthesia  that  can 
be  readily  titrated  and  promptly  discontinued.  However, 
isoflurane  reduces  cerebral  metabolic  demands,  provides 
some  degree  of  CBF  promotion  (particularly  in  subcortical 
structures),  and  is  neuroprotective  after  TBI  (Statler  et  al.. 


2000,  2006).  Severe  TBI  in  humans  is  generally  not  treated 
with  sedatives  or  anesthetics  in  the  field.  Nevertheless,  it  is 
necessary  to  provide  anesthesia  in  animal  models  of  TBI,  and 
thus  our  model  may  underestimate  the  amount  of  damage 
that  a  similar  level  of  TBI  and  HS  would  produce  in  the  clin¬ 
ical  setting.  Studies  of  combined  TBI  plus  HS  in  this  model 
using  less  protective  and  more  clinically  relevant  anesthet¬ 
ics  and/or  analgesics  such  as  fentanyl  are  warranted. 

Most  studies  of  combined  experimental  TBI  and  HS  have 
been  carried  out  in  large  animals  and  have  been  focused  on 
the  influence  of  resuscitation  fluids  on  intracranial  d3mamics, 
including  ICP  and  CBF  (Gibson  et  al.,  2002;  Shackford,  1997; 
Bedell  et  al.,  1998).  Long-term  outcomes  in  these  models  are 
extremely  expensive  and  have  generally  not  been  investigated; 
thus,  the  impact  of  HS  on  delayed  neuronal  death  has  been 
subjected  to  limited  investigation.  There  have  been  a  few  stud¬ 
ies  in  rodent  models,  however,  that  are  noteworthy. 

In  rats,  using  combined  mild-moderate  FPI  and  HS  to  a 
MAP  of  50-60  mm  Hg  for  30  min,  Schiitz  et  al.  (2006)  did 
not  observe  either  an  increase  in  cerebral  edema  or  an  exac¬ 
erbation  of  cortical  tissue  loss  when  FPI+HS  was  compared 
to  FPI  alone.  They  did,  however,  observe  a  delay  in  cogni¬ 
tive  recovery  in  FPI+HS  rats,  suggesting  subtle  cerebral  in¬ 
jury  not  necessarily  related  to  edema  or  cortical  tissue  dam¬ 
age  alone.  They  used  a  milder  level  of  hypotension  compared 
to  our  model,  as  well  as  a  shorter  shock  duration,  and  with¬ 
out  re-infusion  of  shed  blood  in  the  resuscitation  phase,  clin¬ 
ical  extrapolation  may  be  limited.  Failure  to  treat  the  marked 
anemia  that  accompanies  HS  after  TBI  would  be  deemed  to 
be  outside  of  the  current  standard  of  care  in  TBI  manage¬ 
ment.  Matsushita  et  al.  (2001)  performed  a  similar  protocol 
in  rats  also  using  moderate  FPI  and  HS  to  a  MAP  of  60  mm 
Hg  for  30  min.  However,  they  observed  exacerbated  contu¬ 
sion  size  in  the  posterior  parietal  cortex  in  FPI+HS  rats  when 
compared  to  FPI  alone;  they  did  not  report  assessment  of  the 
hippocampus.  Similarly,  with  a  different  experimental  TBI 
mechanism,  impact  acceleration,  Ito  et  al.  (1996)  added  30 
min  of  hypoxemia  and  hypotension  (a  Pa02  of  40  mm  Hg 
and  MAP  of  30  mm  Hg,  respectively)  and  used  diffusion- 
weighted  imaging  to  discern  apparent  diffusion  coefficients 
(ADCs)  and  extrapolate  cytotoxic  versus  extracellular 
edema.  Combined  injury  rats  demonstrated  marked  and  sus¬ 
tained  increases  in  ICP  and  reduced  CBF  as  well  as  reduced 
ADC,  consistent  with  cytotoxic  edema,  despite  resuscitation, 
when  compared  to  controls.  When  Barzo  et  al.  (1997)  used 
this  identical  protocol  but  added  an  additional  combined  in¬ 
jury  group  of  impact  acceleration,  hypoxemia  to  a  Pa02  of 
40  mm  Hg  and  hypotension  with  a  MAP  of  40-50  mm  Hg, 
they  observed  recovery  of  both  ADC  and  clinical  condition 
in  the  MAP  40-50  mm  Hg  combined  insult  group,  while  the 
MAP  30-40  mm  Hg  group  did  not  recover,  and  progressed 
to  death.  This  suggested  a  critical  MAP  threshold  of  30-40 
mm  Hg,  which  was  the  MAP  seen  in  our  study  during  HS 
in  all  groups  exposed  to  shock.  Similar  to  the  work  of  Clark 
et  al.,  using  CCI  and  secondary  hypoxic  insult  in  rats,  the 
earlier  work  of  Ishige  et  al.  (1987c)  in  FPI  used  2,3,5-triph- 
enyltetrazolium  chloride  to  reveal  an  ischemic  area  sur¬ 
rounding  the  contusion  not  seen  with  either  isolated  FPI  or 
hypoxemia  alone.  They  also  used  MRI  to  confirm  extension 
of  the  contusion  and  surrounding  edema  in  combined  insult 
rats  versus  TBI  alone  and  observed  a  decrease  in  CBF  in  the 
entire  ipsilateral  cortex  in  these  rats.  Further  work  by  Ishige 
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FIG.  5.  (A)  Representative  medium-high-power  micrograph  (X20  objective)  of  a  90CCI+HS  mouse  hippocampus  demon¬ 

strating  normal  pyramidal  neurons  (arrowhead)  stained  blue  with  DAPI  and  degenerating  neurons  stained  yellow-green 
with  Fluoro-Jade  C  (FJC;  long  arrow)  within  the  CAl  subfield  at  24  h.  (B)  High-power  micrograph  (X40  objective)  of  a 
hematoxylin  and  eosin  (H&E)-stained  section  demonstrating  normal  pyramidal  neurons  (arrowheads)  interspersed  with 
degenerating  eosinophilic  neurons  (long  arrows)  at  7  days  in  the  CAl  hippocampal  subfield  of  a  90CCI+HS  mouse.  (C) 
Low-power  microphotograph  (X4  objective)  of  the  most  severe  spectrum  of  hippocampal  damage  sustained  by  several  mice 
in  the  90CCI+HS  group.  Robust  microglial  and  PMN  infiltration  is  noted  along  the  superior  aspect  (arrows),  and  there  is 
substantial  loss  of  neurons  in  the  CAl  subfield  (asterisks).  (D)  Higher  magnification  (X20  objective)  of  the  boxed  region  in 
C  demonstrates  the  absence  of  viable  pyramidal  neurons  and  loss  of  architecture  within  much  of  the  CAl  subfield  in  this 
example.  CCI,  controlled  cortical  impact;  HS,  hemorrhagic  shock;  PMN,  polymorphonuclear  leukocyte. 


et  al.  (1988)  used  phosphocreatine  (PCr) /inorganic  phos¬ 
phate  ratios  obtained  by  in  vivo  phosphorus-31  magnetic  res¬ 
onance  spectroscopy  as  evidence  for  changes  in  high-energy 
metabolite  concentrations  and  observed  that  depletion  of 
high-energy  metabolites  was  markedly  accelerated  by  com¬ 
bined  FPI  and  hypoxemia  in  a  dose-dependent  fashion,  ver¬ 
sus  FPI  alone.  They  added  a  hypotensive  insult  (MAP  30-40 
mmHg)  to  the  combination  of  FPI  and  hypoxemia,  and  ob¬ 
served  even  further  depletion  of  high-energy  phosphates  in 
the  brain,  again  consistent  with  the  MAP  used  in  our  study. 
These  studies  support  the  possibility  that  HS  exacerbated  en¬ 
ergy  failure  in  the  pericontusional  brain  regions,  including 
hippocampus,  thus  triggering  neuronal  death  in  our  model. 

We  re-infused  autologous  shed  blood,  which  would  not 
be  available  for  clinical  use.  It  is  recognized  that  massive 
transfusion  of  packed  red  blood  cells  can  produce  a  number 
of  unwanted  side  effects  (i.e.,  immunosuppression,  hyper¬ 
kalemia,  coagulopathy)  and  that  complications  from  trans¬ 
fusion  are  generally  related  to  the  duration  of  blood  storage 
prior  to  use.  Thus,  one  might  anticipate  that  secondary  in¬ 
jury  and  complications  are  underestimated  in  our  mouse 


model  relative  to  the  human  condition.  Recently,  in  the  set¬ 
ting  of  massive  blood  loss  in  combat  casualty  care,  greater 
emphasis  has  been  placed  on  the  use  of  fresh  whole  blood. 

Finally,  we  focused  our  histopathological  examination  to 
hippocampal  neuronal  counts  given  the  anticipated  vulner¬ 
ability  of  that  brain  region  to  secondary  ischemic  insults. 
However,  further  studies  are  needed  to  assess  cortical  dam¬ 
age  and  other  brain  regions,  given  the  fact  that  our  qualita¬ 
tive  survey  suggested  the  possibility  of  enhanced  damage  in 
other  structures. 

While  technically  challenging  in  mice,  an  experimental 
model  of  combined  TBI  plus  HS  is  feasible  with  reasonable 
clinical  fidelity.  This  initial  study  characterizes  a  new  model 
which,  given  the  ready  availability  of  genetic  variant  mice, 
is  unique  in  its  potential  for  application  to  mechanistic  and 
therapeutic  study  of  this  injury  combination. 
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Abstract 

Outcome  after  traumatic  brain  injury  (TBI)  is  worsened  by  hemorrhagic  shock  (HS),  but  the  optimal  resuscitation 
approach  is  unclear.  In  particular,  treatment  of  TBI  patients  with  colloids  remains  controversial.  We  hypothe¬ 
sized  that  resuscitation  with  the  colloids  polynitroxylated  albumin  (PNA)  or  Hextend  (HEX)  is  equal  or  superior 
to  resuscitation  with  the  crystalloids  hypertonic  (3%)  saline  (HTS)  or  lactated  Ringer's  solution  (LR)  after  TBI 
plus  HS  in  mice.  C57/BL6  mice  (n  =  30)  underwent  controlled  cortical  impact  (CCI)  and  90  min  of  volume- 
controlled  HS  (2mL/100g).  The  mice  were  randomized  to  resuscitation  with  LR,  HEX,  HTS,  or  PNA,  followed 
by  30  min  of  test  fluid  administration  targeting  a  mean  arterial  pressure  (MAP)  of  >50  mm  Hg.  Shed  blood  was 
re-infused  to  target  a  MAP  >70  mm  Hg.  At  7  days  post-insult,  hippocampal  neuron  counts  were  assessed  in 
hematoxylin  and  eosin-stained  sections  to  quantify  neuronal  damage.  Prehospital  MAP  was  higher,  and  pre¬ 
hospital  and  total  fluid  requirements  were  lower  in  the  PNA  and  HEX  groups  (p  <  0.05  versus  HTS  or  LR).  Also, 
7-day  survival  was  highest  in  the  PNA  group,  but  was  not  significantly  different  than  the  other  groups.  Ipsi- 
lateral  hippocampal  CAl  and  CA3  neuron  loss  did  not  differ  between  groups.  We  conclude  that  the  colloids 
PNA  and  HEX  exhibited  more  favorable  effects  on  acute  resuscitation  parameters  than  HTS  or  LR,  and  did  not 
increase  hippocampal  neuronal  death  in  this  model. 

Key  words:  colloid;  head  injury;  nitroxide;  oxidative  stress;  secondary  insult 


Introduction 

SECONDARY  INSULTS  AFTER  TRAUMATIC  BRAIN  INJURY  (TBI) 
increase  morbidity  and  mortality,  and  the  combination 
of  TBI  plus  hemorrhagic  shock  (HS)  is  particularly  deleteri¬ 
ous.  Miller  and  Becker  (1982)  first  reported  that  hypo¬ 
tension  (systolic  blood  pressure  <90  mm  Hg)  worsened 
outcome  after  TBI.  Chesnut  and  associates  (1993)  reported 
a  correlation  between  hypotension  and  hypoxemia  and  in¬ 
creased  morbidity/mortality  after  TBI  in  humans,  with 
hypotension  being  the  most  critical  parameter.  These  obser¬ 
vations  have  been  confirmed  in  experimental  studies,  in  which 
secondary  insults  also  worsened  brain  injury.  Controlled  cor¬ 
tical  impact  (CCI)  with  superimposed  ischemia  reduced  cere¬ 


bral  blood  flow  (CBF)  (Giri  et  al.,  2000)  and  increased 
hippocampal  neuronal  loss  (Cherian  et  al.,  1996)  versus  is¬ 
chemia  alone.  Jenkins  and  colleagues  (1989)  noted  increased 
CAl  neuronal  death  by  combining  hemorrhagic  hypotension 
with  TBI  in  rats,  and  Matsushita  and  co-workers  (2001)  re¬ 
ported  an  increase  in  contusion  area  by  hemorrhagic  shock 
after  fluid  percussion  injury  in  rats.  Thus  clinical  and  experi¬ 
mental  evidence  supports  an  association  between  secondary 
insults  and  increased  morbidity  and  mortality  after  TBI. 

The  optimal  fluid  for  resuscitation  of  TBI  plus  HS  remains 
unclear.  Characteristics  of  the  ideal  resuscitation  fluid  include 
ease  of  transport  and  administration  in  the  pre-hospital  set¬ 
ting,  small  infusion  volumes  to  minimize  cerebral  edema, 
prevention  of  acute  causes  of  mortality,  and  attenuation  of 
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secondary  injury.  Traditional  acute  resuscitation  solutions 
for  TBI  plus  HS  include  lactated  Ringer's  solution  (LR)  or 
Hextend®  (HEX;  Hospira,  Lake  Forest,  IL).  More  novel  re¬ 
suscitation  solutions  under  evaluation  include  hypertonic 
(3%)  saline  (HTS)  and  polynitroxylated  albumin  (PNA;  S3m- 
Zyme  Technologies,  Irvine,  CA),  among  others.  Isotonic 
crystalloids,  particularly  LR,  are  used  for  resuscitation  in  ci¬ 
vilian  trauma,  but  often  require  large  volumes  to  maintain  the 
desired  blood  pressure.  HEX  is  the  preferred  fluid  for  resus¬ 
citation  in  combat  casualty  care.  In  several  animal  models, 
resuscitation  with  HEX  required  less  volume  and  improved 
cerebrovascular  function  versus  resuscitation  with  crystalloid 
(Crookes  et  al.,  2004;  Kelly  et  al.,  2003;  King  et  al.,  2004).  With 
regard  to  more  novel  solutions,  there  is  extensive  pre-clinical 
and  clinical  experience  evaluating  the  use  of  HTS  for  resus¬ 
citation.  Prough  and  associates  (1991)  and  others  have  shown 
that  use  of  HTS  in  experimental  hemorrhagic  hypotension 
restores  hemod3mamics  and  improves  microcirculation.  In 
animal  models  of  TBI,  HTS  also  improved  CBF  and  lowered 
intracranial  pressure  (ICP)  versus  LR  (Walsh  et  al.,  1991; 
Shackford  et  al.,  1992).  Finally,  PNA  is  a  novel  compound 
composed  of  55  nitroxide  moieties  covalently  linked  to  albu¬ 
min  that  is  administered  as  a  10%  solution.  Its  stable  nitroxyl 
radicals  mimic  superoxide  dismutase  (SOD)  and  catalase,  and 
detoxify  reactive  oxygen  species  (Li  et  al,.  2002).  PNA  im¬ 
proved  survival  in  a  rat  HS  model  and  reduced  lesion  size  in 
experimental  stroke  (Kentner  et  al.,  2002;  Beaulieu  et  al.,  1998). 
It  has  not,  however,  been  evaluated  in  combined  TBI  plus  HS. 

Recently,  controversy  about  the  optimal  resuscitation  fluid 
in  TBI  was  raised  by  the  SAFE  study  (Myburgh  et  al.,  2007), 
which  included  a  post-hoc  analysis  of  the  use  of  albumin 
versus  saline  in  TBI  victims.  It  suggested  that  the  use  of  al¬ 
bumin  in  patients  with  TBI  increased  mortality  versus  saline, 
but  no  mechanism  for  the  increased  mortality  seen  with  col¬ 
loid  use  was  presented.  A  recent  report  by  Baker  and  col¬ 
leagues  (2008)  in  experimental  TBI  in  rats  challenged  this 
finding,  and  showed  enhanced  electrophysiological  recovery 
with  albumin  versus  saline  resuscitation,  although  the  neu¬ 
ropathology  was  not  assessed. 

We  recently  developed  a  clinically  relevant  mouse  model  of 
TBI  plus  HS  that  allows  us  to  evaluate  acute  hemod3mamics, 
7-day  survival,  and  long-term  neuropathology  (Dennis  et  al., 
2009).  At  the  injury  level  used,  CAl  neuronal  death  was  seen 
only  in  combined  CCI  plus  HS,  but  not  in  CCI  or  HS  alone.  We 
now  use  this  model  to  evaluate  the  resuscitation  of  TBI  plus 
HS  using  several  traditional  and  novel  fluids.  We  hypothe¬ 
sized  that  resuscitation  with  the  colloids  PNA  or  HEX  would 
require  smaller  volumes  than  the  crystalloids  HTS  or  LR  to 
reach  resuscitation  goals  and  produce  higher  mean  arterial 
pressures  (MAPs)  in  the  resuscitation  phase.  We  also  hy¬ 
pothesized  that  the  colloids  PNA  or  HEX  versus  the  crystal¬ 
loids  HTS  or  LR  would  not  worsen  7-day  survival  or 
hippocampal  neuronal  death. 

Methods 

The  Institutional  Animal  Care  and  Use  Committee  of  the 
University  of  Pittsburgh  School  of  Medicine  approved  this 
study.  Male  C57 /BL6  mice  (Jackson  Laboratories,  Bar  Harbor, 
ME),  12-15  weeks  of  age  and  weighing  22-29  grams,  were 
housed  under  controlled  environmental  conditions  and  al¬ 
lowed  ad  libitum  food  and  water  until  the  study  began. 


Anesthesia  was  induced  via  nose  cone  with  4%  isoflurane 
in  oxygen,  and  maintained  with  1%  isoflurane  in  a  2:1  N2O/ 
oxygen  mixture.  Under  sterile  conditions,  central  femoral 
venous  and  arterial  catheters  were  placed  using  modified 
PE-50  tubing.  The  mouse  was  placed  in  a  stereotaxic  frame,  a 
5-mm  craniotomy  was  performed  over  the  left  parietal  cortex 
using  a  dental  drill,  and  the  bone  flap  was  removed.  A  brain 
temperature  micro-probe  (Physitemp,  Clifton,  NJ)  was  then 
inserted  through  the  burr  hole.  Body  temperature  was  also 
monitored  by  rectal  probe.  Immediately  after  craniotomy,  the 
inhalational  anesthesia  was  changed  to  1%  isoflurane  and 
room  air  for  10  min  before  CCI  and  onset  of  HS.  A  mild  to 
moderate  CCI  was  performed  with  a  pneumatic  impactor 
(Bimba,  Monee,  IL)  as  previously  reported  with  modifica¬ 
tions.  A  3-mm  flat-tip  impounder  was  deployed  at  a  velocity 
of  5  m/sec  and  a  depth  of  1mm.  Brain  temperature  was 
maintained  at  37°  ±  0.5°C  throughout  the  experiment.  To 
achieve  a  clinically  relevant  level  of  HS,  2mL  of  blood/ 1 00  g 
of  body  weight  was  removed  via  the  venous  catheter. 
This  hemorrhage  volume  resulted  in  a  decrease  in  MAP  to 
35-40  mm  Hg.  The  mice  remained  in  the  HS  phase  for  90  min, 
mimicking  the  time  between  injury  and  the  first  field  provi¬ 
sion  of  medical  attention.  After  the  HS  phase,  the  mice  were 
randomized  to  one  of  four  treatment  groups  (n  =  8  for  each 
group),  including  resuscitation  with  (1)  LR,  (2)  HEX,  (3)  HTS, 
or  (4)  PNA. 

After  completing  the  HS  phase,  the  mice  entered  the  pre¬ 
hospital  phase,  corresponding  to  arrival  of  medical  personnel 
and  initiation  of  fluid  resuscitation.  This  phase  lasted  30  min. 
The  mice  were  given  boluses  of  test  fluid  to  achieve  a 
MAP  >50  mm  Hg  (totaling  between  1.0  and  1.5  mL).  Subse¬ 
quently,  0.1-mL  aliquots  of  test  fluid  were  administered  for 
every  minute  the  MAP  remained  less  than  the  pre-hospital 
MAP  target  of  50  mm  Hg.  To  simulate  arrival  at  a  definitive 
care  setting,  the  mice  entered  the  in-hospital  phase.  During 
this  30-min  period,  shed  blood  was  rapidly  re-infused,  and  a 
goal  MAP  of  >70  mm  Hg  was  maintained  by  the  adminis¬ 
tration  of  additional  0.1-mL  aliquots  of  test  fluid  for  every 
minute  that  the  MAP  remained  less  than  the  in-hospital  target 
of  70  mm  Hg.  During  this  phase  inhalational  anesthesia  was 
also  changed  from  1%  isoflurane  in  room  air  to  1%  isoflurane 
in  oxygen,  which  was  maintained  for  the  duration  of  the 
study.  At  completion  of  the  in-hospital  phase,  the  catheters 
were  removed,  anesthesia  was  discontinued,  and  the  mice 
were  returned  to  their  cages.  They  were  allowed  free  access  to 
food  and  water,  and  observed  for  up  to  7  days. 

Mice  were  excluded  from  analysis  by  criteria  defined  be¬ 
fore  breaking  randomization  if  they  died  during  the  HS  phase, 
or  if  they  did  not  reach  the  pre-hospital  phase  target  MAP  of 
>50  mm  Hg  with  the  initial  boluses. 

Brain  temperature  was  monitored  with  a  temperature 
probe  placed  in  the  right  parietal  cortex,  and  was  maintained 
at  37°  ±  0.5°C  throughout  the  experiment.  MAP  was  contin¬ 
uously  monitored  via  a  catheter  placed  in  the  femoral  artery, 
and  was  recorded  at  baseline,  after  CCI,  and  every  5  min 
during  all  three  phases  of  the  study.  Baseline  heart  rate  was 
continuously  monitored  and  recorded  at  baseline  and  once 
during  each  phase.  Arterial  blood  gas,  blood  lactate,  and 
glucose  levels  were  obtained  at  baseline,  after  30  min  of  shock, 
and  at  the  end  of  the  in-hospital  phase. 

At  7  days  after  the  experiment,  surviving  mice  were  re¬ 
anesthetized  with  4%  isoflurane  and  killed  by  ice-cold  saline 
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transcar  dial  perfusion,  followed  by  10%  buffered  formalin 
phosphate  perfusion  and  fixation  of  brains  with  subsequent 
embedding  in  paraffin  at  2  weeks.  Multiple  B-jam  sections, 
125  fim  apart,  from  the  bregma  —1.82  to  —2.06  were  prepared 
from  each  brain,  and  stained  with  hematoxylin  and  eosin 
(H&E;  Thermo  Scientific,  Pittsburgh,  PA).  Hippocampal 
neuronal  damage  was  quantified  with  7-day  cell  counts  in  the 
H&E-stained  sections  by  a  blinded  evaluator  (J.E.)  using  a 
Nikon  Eclipse  E600  microscope  (Melville,  NY),  and  Image  J 
software  (http :  / / rsb . inf o .nih. gov /ij  / ) . 

Statistical  analysis 

Physiologic  measurements  and  neuron  counts  were  com¬ 
pared  between  treatment  groups  using  one-way  analysis  of 
variance  (ANOVA),  and  post-hoc  tests  with  appropriate  cor¬ 
rection  for  multiple  comparisons.  All  data  are  provided  as 
meanzbSEM.  Seven-day  survival  was  compared  between 
treatment  groups  using  Pisher's  exact  test.  Significance  was 
determined  by  a  p  value  <0.05. 

Results 

MAP  did  not  differ  significantly  between  groups  at  the  end 
of  the  shock  phase  ( p  =  0.31)  (Pig.  1).  In  contrast,  the  PNA  and 
HEX  groups  achieved  higher  MAP  in  the  pre-hospital  phase 
than  the  LR  or  HTS  groups  (p<0.05).  MAP  did  not  differ 
significantly  between  groups  during  the  in-hospital  phase 
(p  =  0.20).  The  PNA  and  HEX  groups  required  substantially 
less  fluid  to  achieve  resuscitation  goals  in  the  pre-hospital 
phase  (p<0.05)  (Pig.  2).  There  was  no  difference  between 
groups  in  volume  required  to  achieve  resuscitation  goals  in 
the  in-hospital  phase  (p  =  0.63).  The  PNA  and  HEX 
groups  also  required  significantly  smaller  total  fluid  vol¬ 
umes  to  achieve  resuscitation  goals  than  the  LR  or  HTS  group 
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FIG.  1.  Mean  arterial  pressure  (MAP)  for  the  experimental 
groups  during  each  phase  of  the  model  {*p  <  0.05  for  the 
PNA  and  HEX  groups  versus  the  LR  and  HTS  groups).  Data 
are  mean  and  SEM  (n  =  8  for  the  LR  and  HEX  groups;  n  =  7 
for  the  HTS  and  PNA  groups;  LR,  lactated  Ringer's  solution; 
HEX,  Hextend;  HTS,  hypertonic  saline;  PNA,  pol3mitro- 
xylated  albumin). 
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FIG.  2.  Fluid  requirements  for  the  experimental  groups 
during  each  phase  of  the  model  <  0.05  for  the  PNA  and 
HEX  groups  versus  the  LR  and  HTS  groups).  Data  are  mean 
and  SEM  (n  =  8  for  the  LR  and  HEX  groups;  n  =  7  for  the 
HTS  and  PNA  groups;  LR,  lactated  Ringer's  solution;  HEX, 
Hextend;  HTS,  hypertonic  saline;  PNA,  pol3mitroxylated  al¬ 
bumin). 


( p  <  0.05).  At  the  end  of  the  shock  phase,  arterial  lactate  levels 
in  the  LR,  HEX,  HTS,  and  PNA  groups  were  3.48  ±1.29, 
2.78  ±  0.47,  2.89  ±  0.84,  and  3.40  ±  0.80  mmol/L,  respectively, 
and  did  not  differ  significantly  (p  =  0.35).  Arterial  lactate 
levels  at  the  end  of  the  in-hospital  phase  also  did  not  differ 
between  groups  (LR  2.00  ±0.93  mmol/L,  HEX  1.96  ± 
0.78  mmol/L,  HTS  2.99  ±2.04  mmol/L,  and  PNA  1.50  ± 
0.24  mmol/L;  p  =  0.15).  Seven-day  survival  did  not  differ  be¬ 
tween  groups  {p  =  0.33)  (Fig.  3).  H&E-stained  sections  of  the 
hippocampus  were  also  evaluated  (Fig.  4).  A  pattern  of  neu¬ 
ronal  death  in  the  hippocampus  was  evident,  predominantly 


Fluid 

HEX 

-  HTS 

LR 

-  PNA 


FIG.  3.  Kaplan-Meier  survival  curve  for  7-day  survival 
probability  for  the  four  study  groups. 
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FIG.  4.  Representative  40xH&E  microphotographs  depicting  the  ipsilateral  hippocampus  in  the  four  study  groups.  (A)  LR. 
(B)  HEX.  (C)  HTS.  (D)  PNA.  Pyramidal  neuron  loss  is  evident  within  the  medial  region  of  CAl  in  all  groups  (LR,  lactated 
Ringer's  solution;  HEX,  Hextend;  HTS,  hypertonic  saline;  PNA,  polynitroxylated  albumin). 


in  the  CAl  subfield,  mirroring  the  work  of  Dennis  and  asso¬ 
ciates  (2009).  Evaluation  of  ipsilateral  CAl  neuron  loss  (as 
a  percentage  of  the  contralateral  hemisphere)  revealed  that 
a  ~35%  loss  of  CAl  neurons  was  seen  at  the  injury  level 
selected,  which  did  not  differ  significantly  between  groups 


FIG.  5.  Average  amount  of  ipsilateral  hippocampal  neuron 
loss  (as  percentage  of  the  contralateral  hippocampal  neuron 
count)  in  four  study  groups.  Data  are  mean  and  SEM  of  all 
mice  surviving  to  day  7  (n  =  6  for  the  LR  and  PNA  groups, 
n  =  3  for  the  HEX  group,  and  n  =  4  for  the  HTS  group).  There 
was  no  significant  difference  between  the  four  groups  (LR, 
lactated  Ringer's  solution;  HEX,  Hextend;  HTS,  hypertonic 
saline;  PNA,  pol3mitroxylated  albumin). 


{p  =  0.81)  (Pig.  5).  Similarly,  ipsilateral  CA3  neuron  loss  (as  a 
percentage  of  the  contralateral  hemisphere),  although  much 
more  modest  than  that  seen  in  CAl,  did  not  differ  between 
groups  (p  =  0.86). 

Discussion 

Our  findings  show  that  resuscitation  with  the  colloids  PNA 
or  HEX,  in  our  mouse  model  of  CCI  plus  HS,  required  less 
fluid  volume  to  reach  the  target  MAPs,  and  achieved  and 
maintained  higher  MAPs  in  the  pre-hospital  phase,  caused  no 
adverse  effects  on  recovery  of  lactate  levels,  and  had  compa¬ 
rable  7-day  survival  rates.  Resuscitation  with  PNA  or  HEX 
also  did  not  worsen  hippocampal  neuron  survival  versus  HTS 
or  LR.  These  findings  are  noteworthy,  as  the  merits  of  resus¬ 
citation  with  colloids  are  the  subject  of  intense  debate. 

Current  fluid  resuscitation  strategies  for  TBI  patients  ad¬ 
vise  infusion  of  isotonic  crystalloid  solutions  to  normalize 
blood  pressure  (to  maintain  systolic  BP  >  90  mm  Hg)  (Badjatia 
et  al.,  2008).  This  recommendation  has  been  challenged  by 
numerous  researchers  who  investigated  the  use  of  colloids, 
hypertonic  fluids,  vasopressors,  and  blood  substitutes  for 
post-TBI  resuscitation.  Recently,  the  authors  of  the  SAPE 
study  reported  increased  mortality  of  TBI  patients  treated 
with  albumin  (Pinfer  et  al.,  2004;  Myburgh  et  al.,  2007).  Al¬ 
though  no  mechanism  was  offered  to  account  for  these  find¬ 
ings,  others  have  proposed  the  development  of  a  dilution 
coagulopathy,  which  in  the  context  of  severe  TBI  worsens 
outcome  (Billota  and  Rosa,  2007;  Schirmer-Mikalsen  et  al., 
2007).  This  subset  of  patients  received  more  frequent  blood 
transfusions  early  in  their  ICU  course,  but  no  information  on 
the  incidence  of  bleeding  complications  after  enrollment  in  the 
SAPE  study  was  provided.  We  did  not  observe  excessive 
bleeding  in  our  study  animals.  Alternatively,  it  is  possible 
colloids  move  across  the  damaged  blood-brain  barrier,  and 
remain  trapped  in  brain  tissue  once  the  barrier  is  repaired. 
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After  degradation  to  protein  components,  an  osmotic  gradient 
could  be  created,  promoting  edema  formation  and  worsening 
brain  injury  (Kawamata  et  aL,  2007).  We  did  not  evaluate 
brain  edema  in  our  study,  but  we  found  that  resuscitation 
with  PNA  or  HEX  offered  considerable  benefit  in  terms  of 
volume  requirement  and  hemod3mamic  status,  and  did  not 
worsen  hippocampal  neuronal  death  versus  LR.  The  SAFE 
study  also  did  not  evaluate  the  performance  of  albumin  in  the 
early,  acute  resuscitation  of  TBI  plus  HS,  making  it  difficult  to 
draw  comparisons  with  our  findings. 

PNA  is  a  colloid  with  beneficial  effects  across  numerous 
experimental  paradigms.  It  has  been  shown  to  reduce  infarct 
size  in  experimental  stroke  in  rats  (Beaulieu  et  al.,  1998;  Su- 
gawara  et  al.,  2001),  attenuate  damage  in  experimental  myo¬ 
cardial  ischemia  in  rats  (Li  et  al.,  2002)  and  in  murine  models 
of  sickle  cell  crisis  (Kaul  et  al.,  2006),  and  highly  germane  to 
our  work,  it  reduces  mortality  in  experimental  HS  in  rats 
(Kentner  et  al.,  2002).  These  beneficial  effects  may  result  from 
the  potent  intravascular  antioxidant  and  nitric  oxide-sparing 
effects  conferred  by  the  covalently  linked  nitroxide  moieties  in 
PNA.  Nitroxides  have  potent  SOD  and  catalase  mimetic  ef¬ 
fects,  and  the  free  nitroxide  tempol  is  neuroprotective  in  ex¬ 
perimental  TBI  in  rats  (Trembovler  et  al.,  1999;  Leker  et  al., 
2002;  Deng-Bryant  et  al.,  2008).  Beneficial  effects  of  PNA  could 
also  be  mediated  by  its  rheologic  properties  (Russell  et  al., 
1998).  Any  or  all  of  these  effects  could  contribute  to  the  pos¬ 
itive  hemod3mamic  effects  we  observed  in  the  PNA  group. 
PNA  and  HEX  could  also  share  beneficial  oncotic  effects  with 
albumin  that  could  enhance  CBF,  or  as  a  relatively  small 
volume  of  the  resuscitation  fluid,  limit  edema  (Tu  et  al., 
1988a,b;  Ohtaki  et  al.,  1993).  Also,  the  fact  that  mice  resusci¬ 
tated  with  PNA  or  HEX  showed  more  normalized  MAP  levels 
despite  significantly  lower  resuscitation  volumes,  strongly 
supports  their  putative  oncotic  effects. 

The  target  MAP  for  resuscitation  of  TBI  plus  HS  remains 
unclear.  We  chose  a  pre-hospital  MAP  target  of  >50  mm  Hg 
and  in-hospital  MAP  target  of  >70  mm  Hg  as  a  compromise 
between  optimized  cerebral  perfusion  pressure,  exacerbation 
of  bleeding  that  can  occur  in  the  setting  of  uncontrolled  HS, 
and  volume  overload  with  pulmonary  edema.  Dennis  and 
colleagues  (2009)  reported  mortality  associated  with  pulmo¬ 
nary  edema  in  mice  rapidly  fluid-resuscitated  to  normoten- 
sion  after  CCI  plus  HS.  Despite  modest  MAP  targets,  the  mice 
in  the  LR  and  HTS  groups  still  received  >60  mL/kg  versus  the 
31-34  mL/kg  given  to  mice  in  the  HEX  and  PNA  groups, 
which  is  a  clinically  meaningful  difference.  The  potential 
contribution  of  aggressive  fluid  resuscitation  to  the  degree  of 
cerebral  edema  cannot  be  overlooked  (Earle  et  al.,  2007). 

We  analyzed  neuronal  survival  in  the  hippocampus,  an¬ 
ticipating  its  enhanced  vulnerability  to  TBI  plus  HS.  We  did 
not  find  a  significant  difference  in  ipsilateral  hippocampal 
CAl  and  CA3  neuron  counts  between  the  groups.  However, 
the  colloids  (PNA  or  HEX)  did  not  worsen  neuronal  survival 
versus  the  crystalloids  (HTS  or  LR).  One  might  have  expected 
deleterious  effects  based  on  the  results  of  the  SAFE  study.  The 
decision  to  perform  neuron  counts  at  7  days  post-insult  may 
bias  our  results  against  any  possible  protective  effect  of  PNA, 
as  mice  that  died  before  7  days  may  have  had  more  extensive 
hippocampal  neuron  loss,  and  survival  was  numerically 
greatest  in  the  PNA  group. 

Our  study  has  several  limitations.  It  would  be  useful  to 
compare  the  effects  of  albumin  versus  PNA  in  our  model,  and 


we  are  currently  examining  albumin  in  a  new  protocol. 
However,  PNA  may  represent  a  colloid  quite  different  from 
albumin — with  a  different  molecular  weight,  charge,  and 
other  properties.  Albumin  may  thus  not  represent  the  perfect 
control.  Second,  our  study  was  not  powered  to  detect  differ¬ 
ences  between  treatment  groups  in  7-day  survival.  The  PNA 
group  had  the  highest  numeric  7-day  survival  rate.  Compar¬ 
ison  of  survival  between  groups  yielded  a  p  =  0.33  with  a 
power  of  0.5;  increasing  the  number  in  each  group  to  15  would 
be  needed  to  address  this  hypothesis  with  a  power  of  0.8. 
Third,  lactate  levels  may  not  represent  an  optimal  marker  of 
tissue  perfusion  and  HS  in  our  model.  Despite  90  min  at  a  MAP 
~35mm  Hg  (<50%  of  the  baseline  MAP),  lactate  levels  did 
not  increase  significantly  from  baseline  to  the  end  of  HS.  In¬ 
vestigation  of  a  more  severe  level  of  HS  is  needed.  Fourth,  we 
did  not  measure  intracranial  pressure  in  our  mouse  model. 
This  is  technically  difficult  in  mice,  and  could  worsen  brain 
injury.  However,  we  recognize  that  intracranial  pressure  is 
important  in  our  understanding  of  changes  in  MAP  and  ce¬ 
rebral  perfusion  pressure,  and  it  is  part  of  our  ongoing  work. 
Fifth,  we  did  not  regulate  fluid  balance  in  the  mice  beyond 
the  initial  monitoring  period.  Free  access  to  water  could  limit 
the  duration  of  effects  of  colloids  or  HTS.  Long-term  intensive 
care  would  be  required  to  address  this  issue.  Finally,  we  did 
not  study  resuscitation  in  the  setting  of  uncontrolled  bleeding. 

The  combination  of  TBI  plus  HS  is  deleterious,  and  the  ideal 
fluid  for  resuscitation  of  this  insult  has  yet  to  be  identified.  We 
have  reported  that  resuscitation  with  PNA  and  HEX  can  be 
accomplished  with  smaller  volumes  than  with  either  LR  or 
HTS,  and  that  despite  smaller  volumes,  higher  MAPs  are 
achieved.  In  addition,  in  contrast  to  the  SAFE  study,  we  did 
not  observe  adverse  effects  of  colloids  on  mortality,  nor  did 
we  find  that  colloids  worsened  neuronal  death.  Further  study 
of  resuscitation  with  colloids,  including  the  antioxidant  colloid 
PNA,  with  assessment  of  effects  on  both  acute  cerebral  hemo- 
d3mamics  and  functional  outcome,  is  warranted  in  TBI  plus  HS. 

Acknowledgments  and  Author  Disclosure  Statement 

We  would  like  to  thank  the  U.S.  Army  for  their  support 
through  grant  PR054755  81-06-10247.  We  also  thank  the  NIH 
for  support,  NS  38087  (P.M.K.)  and  NS  30318  (C.E.D.).  Dr.  Exo 
is  supported  by  a  T32  grant  (HD  040686)  from  the  National 
Institute  of  Child  Health  and  Human  Development.  Drs.  Ma 
and  Hsia  are  officers  at  S3mZyme  Technologies,  LLC.  No 
other  conflicting  financial  interests  exist. 

References 

Badjatia,  N.,  Carney,  N.,  Crocco,  T.J.,  Fallat,  M.E.,  Hennes,  H.M., 
Jagoda,  A.S.,  Jernigan,  S.,  Letarte,  P.B.,  Lerner,  E.B.,  Moriarty, 
T.M.,  Pons,  P.T.,  Sasser,  S.,  Scalea,  T.,  Schleien,  C.L.,  and 
Wright,  D.W.,  and  the  Brain  Trauma  Foundation.  (2008). 
Guidelines  for  prehospital  management  of  traumatic  brain  in¬ 
jury,  2nd  ed.  Prehosp.  Emerg.  Care  12(Suppl.  1),  S1-S52. 
Baker,  A.J.,  Park,  E.,  Hare,  G.M.T.,  Liu,  E.,  Sikich,  N.,  and  Mazer, 
D.C.  (2008).  Effects  of  resuscitation  on  neurologic  physiology 
after  cerebral  trauma  and  hemorrhage.  J.  Trauma  64,  348-357. 
Beaulieu,  C.,  Busch,  E.,  Rother,  J.,  de  Crispegny,  A.,  Hsia,  C.J.C., 
and  Moseley,  M.E.  (1998).  Polynitroxyl  albumin  reduces 
infarct  size  in  transient  focal  cerebral  ischemia  in  the  rat:  Po¬ 
tential  mechanism  studied  by  magnetic  resonance  imaging. 
J.  Cereb.  Blood  Flow  Metab.  18,  1022-1031. 


2408 


EXO  ET  AL. 


Billota,  F.,  and  Rosa,  G.  (2007).  Correspondence  to  journal. 
N.  Engl.  J.  Med.  357,  2635. 

Cherian,  L.,  Robertson,  C.S.,  and  Goodman,  J.C.  (1996).  Sec¬ 
ondary  insults  increase  injury  after  controlled  cortical  impact 
in  rats.  J.  Neurotrauma  13,  371-383. 

Chesnut,  R.M.,  Gautille,  T.,  Blunt,  B.A.,  Baldwin,  N.,  Eisenberg, 
H.M.,  Jane,  J.A.,  Marmarou,  A.,  and  Foulkes,  M.A.  (1993).  The 
role  of  secondary  brain  injury  in  determining  outcome  from 
severe  head  injury.  J.  Trauma  34,  216-222. 

Crookes,  B.A.,  Cohn,  S.M.,  Bonet,  H.,  Burton,  E.A.,  Nelson,  J., 
Majetschak,  M.,  Varon,  A.J.,  Linden,  J.M.,  and  Proctor,  K.G. 
(2004).  Building  a  better  fluid  for  emergency  resuscitation  of 
traumatic  brain  injury.  J.  Trauma  57,  547-554. 

Deng-Bryant,  Y.,  Singh,  I.N.,  Carrico,  K.M.,  and  Hall,  E.D. 
(2008).  Neuroprotective  effects  of  tempol,  a  catalytic  scav¬ 
enger  of  peroxynitrite-derived  free  radicals,  in  a  mouse 
traumatic  brain  injury  model.  J.  Cereb.  Blood  Flow  Metab.  28, 
114-126. 

Dennis,  A.M.,  Haselkorn,  M.L.,  Vagni,  V.A.,  Carman,  R.H., 
Feldman,  K.,  Bayir,  H.,  Clark,  R.S.B.,  Jenkins,  L.W.,  Dixon, 

C. E.,  and  Kochanek,  P.M.  (2009).  Hemorrhagic  shock  after 
experimental  brain  injury  in  mice:  Effect  on  neuronal  death. 
J.  Neurotrauma  26,  889-899. 

Earle,  S.A.,  de  Moya,  M.A.,  Zuccarelli,  J.E.,  Norenberg,  M.D.,  and 
Proctor,  K.G.  (2007).  Cerebrovascular  resuscitation  after  poly¬ 
trauma  and  fluid  restriction.  J.  Am.  Coll.  Surg.  204,  261-275. 

Finfer,  S.,  Bellomo,  R.,  Boyce,  N.,  French,  J.,  Myburgh,  J.,  and 
Norton,  R.  (2004).  A  comparison  of  albumin  and  saline  for 
fluid  resuscitation  in  the  intensive  care  unit.  N.  Engl.  J.  Med. 
350,  2247-2256. 

Giri,  B.K.,  Krishnappa,  I.K.,  Bryan,  R.M.,  Jr.,  and  Robertson,  C. 
(2000).  Regional  cerebral  blood  flow  after  cortical  impact  in¬ 
jury  complicated  by  a  secondary  insult  in  rats.  Stroke  31,  961- 
967. 

Jenkins,  L.W.,  Moszynski,  K.,  Lyeth,  B.G.,  Lewelt,  W.,  DeWitt, 

D. S.,  Allen,  A.,  Dixon,  C.E.,  Povlishock,  J.T.,  Majewski,  T.J., 
Clifton,  G.L.,  Young,  H.F.,  Becker,  D.P.,  and  Hayes,  R.L. 
(1989).  Increased  vulnerability  of  mildly  traumatized  rat  brain 
to  cerebral  ischemia:  the  use  of  controlled  secondary  ischemia 
as  a  research  tool  to  identify  common  or  different  mechanisms 
contributing  to  mechanical  and  ischemic  brain  injury.  Brain 
Res.  477,  211-224. 

Kaul,  D.K.,  Liu,  X.D.,  Zhang,  X.,  Ma,  L.,  Hsia,  C.J.,  and  Nagel,  R. 
(2006).  Inhibition  of  sickle  red  cell  adhesion  and  vasoocclusion 
in  transgenic  sickle  mice.  Am.  J.  Physiol.  Heart  Circ.  Physiol. 
291,  H167-H175. 

Kawamata,  T.,  Mori,  T.,  Sato,  S.,  and  Katayama,  Y.  (2007).  Tissue 
hyperosmolality  and  brain  edema  in  cerebral  contusion. 
Neurosurg.  Focus  22,  E5. 

Kelly,  M.E.,  Miller,  P.R.,  Greenhaw,  J.J.,  Fabian,  T.C.,  and  Proc¬ 
tor,  K.G.  (2003).  Novel  resuscitation  strategy  for  pulmonary 
contusion  after  severe  chest  trauma.  J.  Trauma  55,  94-105. 

Kentner,  R.,  Safar,  P.,  Behringer,  W.,  Wu,  X.,  Kagan,  V.E.,  Tyurina, 
Y.Y.,  Henchir,  J.,  Ma,  L.,  Hsia,  C.J.,  and  Fisherman,  S.A.  (2002). 
Early  antioxidant  therapy  with  Tempol  during  hemorrhagic 
shock  increases  survival  in  rats.  J.  Trauma  53,  968-977. 

King,  D.R.,  Cohn,  S.M.,  and  Proctor,  K.G.  (2004).  Changes  in 
intracranial  pressure,  coagulation,  and  neurologic  outcome 
after  resuscitation  from  experimental  traumatic  brain  injury 
with  hetastarch.  Surgery  136,  355-363. 

Leker,  R.R.,  Teichner,  A.,  Lavie,  G.,  Shohami,  E.,  Lamensdorf,  L, 
and  Ovadia,  H.  (2002).  The  nitroxide  antioxidant  tempol  is 
cerebroprotective  against  focal  cerebral  ischemia  in  sponta¬ 
neously  hypertensive  rats.  Exp.  Neurol.  176,  355-363. 


Li,  H.,  Ma,  L.,  Hsia,  C.J.C.,  Zweier,  J.L.,  and  Kuppusamy,  P.  (2002). 
Polynitroxyl-albumin  (PNA)  enhances  myocardial  infarction 
therapeutic  effect  of  tempol  in  rat  hearts  subjected  to  regional 
ischemia-reperfusion.  Free  Rad.  Biol.  Med.  32,  712-719. 

Matsushita,  Y.,  Bramlett,  H.M.,  Kuluz,  J.W.,  Alonso,  O.,  and 
Dietrich,  W.D.  (2001).  Delayed  hemorrhagic  hypotension  ex¬ 
acerbates  the  hemodynamic  and  histopathologic  consequences 
of  traumatic  brain  injury  in  rats.  J.  Cereb.  Blood  Flow  Metab. 
21,  847-856. 

Miller,  J.D.,  and  Becker,  D.P.  (1982).  Secondary  insults  to  the 
injured  brain.  J.  R.  Coll.  Surg.  Edinb.  27,  292-298. 

Myburgh,  J.,  Cooper,  D.J.,  Finfer,  S.,  Bellomo,  R.,  Norton,  R., 
Bishop,  N.,  Lo,  S.K.,  and  Vallance,  S.  (2007).  Saline  or  albumin 
for  fluid  resuscitation  in  patients  with  traumatic  brain  injury. 
N.  Engl.  J.  Med.  357,  874-884. 

Ohtaki,  M.,  and  Tranmer,  B.I.  (1993).  Role  of  hypervolemic  he- 
modilution  in  focal  cerebral  ischemia  of  rats.  Surg.  Neurol.  40, 
196-206. 

Prough,  D.S.,  Whitley,  J.M.,  Taylor,  C.E.,  Deal,  D.D.,  and  DeWitt, 
D.S.  (1991).  Small-volume  resuscitation  from  hemorrhagic 
shock  in  dogs:  Effects  on  systemic  hemodynamics  and  sys¬ 
temic  blood  flow.  Crit.  Care  Med.  19,  364-372. 

Russell,  J.,  Okayama,  N.,  Alexander,  J.S.,  Granger,  D.N.,  and 
Hsia,  C.J.  (1998).  Pretreatment  with  polynitroxyl  albumin 
(PNA)  inhibits  ischemia-reperfusion  induced  leucocyte- 
endothelial  cell  adhesion.  Free  Radic.  Biol.  Med.  25,  153-159. 

Schirmer-Mikalsen,  K.,  Vik,  A.,  Gisvold,  S.E.,  Skandsen,  T., 
Hynne,  H.,  and  Klepstad,  P.  (2007).  Severe  head  injury:  control 
of  physiologic  variables,  organ  failure,  and  complications  in  the 
intensive  care  unit.  Acta  Anaesthesiol.  Scand.  51, 1194-1201. 

Shackford,  S.R.,  Zhuang,  J.,  and  Schmoker,  J.  (1992).  Intravenous 
fluid  tonicity:  effect  on  intracranial  pressure,  cerebral  blood 
flow,  and  cerebral  oxygen  delivery  in  focal  brain  injury. 
J.  Neurosurg.  76,  91-98. 

Sugawara,  T.,  Yu,  F.,  Ma,  L.,  Hsia,  C.J.,  and  Chan,  P.H.  (2001). 
Delayed  treatment  with  polynitroxyl  albumin  reduces  infarct 
size  after  stroke  in  rats.  Neuroreport  12,  3609-3612. 

Trembovler,  V.,  Gallily,  R.,  Horowitz,  M.,  and  Shohami,  E. 
(1999).  Antioxidants  attenuate  acute  toxicity  of  tumor  necrosis 
factor-alpha  induced  by  brain  injury  in  rat.  J.  Interferon  Cy¬ 
tokine  Res.  19,  791-795. 

Tu,  Y.K.,  Heros,  R.C.,  Candia,  G.,  Hyodo,  A.,  Lagree,  K.,  Call¬ 
ahan,  R.,  Zervas,  N.T.,  and  Karacostas,  D.  (1988).  Isovolemic 
hemodilution  in  experimental  focal  cerebral  ischemia.  Part  1: 
Effects  on  hemodynamics,  hemorheology,  and  intracranial 
pressure.  J.  Neurosurg.  69,  72-81. 

Tu,  Y.K.,  Heros,  R.C.,  Karacostas,  D.,  Liszczak,  T.,  Hyodo,  A., 
Candia,  G.,  Zervas,  N.T.,  and  Lagree,  K.  (1988).  Isovolemic 
hemodilution  in  experimental  focal  cerebral  ischemia.  Part  2: 
Effects  on  regional  cerebral  blood  flow  and  size  of  infarction. 
J.  Neurosurg.  69,  82-91. 

Walsh,  J.C.,  Zhuang,  J.,  and  Shackford,  S.R.  (1991).  A  compari¬ 
son  of  hypertonic  to  isotonic  fluid  in  the  resuscitation  of  brain 
injury  and  hemorrhagic  shock.  50,  284-292. 

Address  correspondence  to: 

Patrick  M.  Kochanek,  M.D. 

Safar  Center  for  Resuscitation  Research 
Department  of  Critical  Care  Medicine 
University  of  Pittsburgh  School  of  Medicine 
3434  Fifth  Avenue 
Pittsburgh,  PA  15260 

E-mail:  Kochanekpm@ccm.upmc.edu 


Selective  Early  Cardiolipin  Peroxidation  after 
Traumatic  Brain  Injury:  An  Oxidative 
Lipidomics  Analysis 

Hiilya  Bayir,  Vladimir  A.  Tyurin,  PhD/’^  Yulia  Y.  Tyurina,  PhD,^’^  Rosa  Viner,  PhD,^ 

Vladimir  Ritov,  PhD,^  Andrew  A.  Amoscato,  PhD,^  Qi^ig  MS,^  Xiaojing  J.  Zhang,  MS,^ 

Keri  L.  Janesko-Feldman,  BS,^  Henry  Alexander,^  Liana  V.  Basova,  PhD,^’^  Robert  S.  B.  Clark,  MD,^’^ 
Patrick  M.  Kochanek,  MD,^’^  and  Valerian  E.  Kagan,  PhD,  DSci^’^ 


Objective:  Enhanced  lipid  peroxidation  is  well  established  in  traumatic  brain  injury.  However,  its  molecular  targets,  identity  of 
peroxidized  phospholipid  species,  and  their  signaling  role  have  not  been  deciphered. 

Methods:  Using  controlled  cortical  impact  as  a  model  of  traumatic  brain  injury,  we  employed  a  newly  developed  oxidative 
lipidomics  approach  to  qualitatively  and  quantitatively  characterize  the  lipid  peroxidation  response. 

Results:  Electrospray  ionization  and  matrix-assisted  laser  desorption/ionization  mass  spectrometry  analysis  of  rat  cortical  mito¬ 
chondrial/synaptosomal  fractions  demonstrated  the  presence  of  highly  oxidizable  molecular  species  containing  C22:6  fatty  acid 
residues  in  all  major  classes  of  phospholipids.  However,  the  pattern  of  phospholipid  oxidation  at  3  hours  after  injury  displayed 
a  nonrandom  character  independent  of  abundance  of  oxidizable  species  and  included  only  one  mitochondria-specific  phospho¬ 
lipid,  cardiolipin  (CL).  This  selective  CL  peroxidation  was  followed  at  24  hours  by  peroxidation  of  other  phospholipids,  most 
prominently  phosphatidylserine,  but  also  phosphatidylcholine  and  phosphatidylethanolamine.  CL  oxidation  preceded  appearance 
of  biomarkers  of  apoptosis  (caspase-3  activation,  terminal  deoxynucleotidyltransferase-mediated  dUTP  nick  end  labeling-posi¬ 
tivity)  and  oxidative  stress  (loss  of  glutathione  and  ascorbate). 

Interpretation:  The  temporal  sequence  combined  with  the  recently  demonstrated  role  of  CL  hydroperoxides  (CL-OOH)  in  in 
vitro  models  of  apoptosis  suggest  that  CL-OOH  may  be  both  a  key  in  vivo  trigger  of  apoptotic  cell  death  and  a  therapeutic 
target  in  experimental  traumatic  brain  injury. 

Ann  Neurol  2007;62:154-169 


Polyunsaturated  lipids  have  long  been  recognized  as 
molecules  indispensable  for  the  structural  and  func¬ 
tional  organization  of  the  brain.  Their  roles  as  signaling 
molecules,  as  participants  and  coordinators  of  responses 
to  physiological  regulations,  and  as  danger  signals  in 
injury,  are  not  well  known. Because  of  their  high 
susceptibility  to  attack  by  reactive  oxygen  species  and 
oxidative  modifications,  peroxidation  of  polyunsatu¬ 
rated  phospholipids  is  implicated  in  different  types  of 
brain  damage.  Yet,  the  specific  functions  and  signaling 
roles  of  oxidized  polyunsaturated  phospholipids  remain 
ill  defined.^  With  the  advent  of  mass  spectrometry 
(MS)-based  lipidomics,  new  perspectives  in  the  identi¬ 
fication  of  individual  molecular  species  of  phospholip¬ 
ids  in  brain  functions  have  emerged.^’^  However,  MS 
analysis  of  oxidized  phospholipids  and  their  role  in  brain 


metabolic  pathways,  that  is,  oxidative  lipidomics,  is  still 
poorly  developed.  This  is  mostly  due  to  a  large  variety 
of  low  abundant  species  of  peroxidized  phospholipids 
combined  with  their  relatively  low  stability  during  MS 
protocols.^  With  this  in  mind,  we  initiated  oxidative 
lipidomics  studies  of  brain  injury.  We  were  particularly 
interested  in  traumatic  brain  injury  (TBI)  using  con¬ 
trolled  cortical  impact  (CCI)  model  where  spatial  and 
temporal  relationships  between  the  initial  damage  and 
subsequent  reactions  and  infiammatory/oxidative  stress 
response  are  quite  well-defined.^’^ 

TBI  is  an  important  contributor  to  the  mortality 
and  morbidity  after  trauma,  which  is  the  leading  cause 
of  death  in  infants  and  children.^  TBI  has  been  com¬ 
monly  associated  with  enhanced  production  of  reactive 
oxygen  species  and  reactive  nitrogen  species,  antioxi- 
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dant  depletion,  and  resulting  oxidative  stress/^  We  re¬ 
ported  that  TBI  in  children  caused  depletion  of  the 
major  water-soluble  antioxidant,  ascorbate,  and  accu¬ 
mulation  of  S-nitrosylated  thiols  in  cerebrospinal 
fluid/ Among  different  biomarkers  of  oxidative 
stress,  enhanced  lipid  peroxidation  is  one  of  the  most 
prominent/^  Accumulation  of  end  products  of  lipid 
peroxidation  has  been  documented  in  brain  and  cere¬ 
brospinal  fluid  after  experimental  and  clinical  TBI  in 
both  adults  and  children,  respectively/’ How¬ 
ever,  essential  information  on  molecular  targets,  partic¬ 
ularly  speciflc  polyunsaturated  molecular  species  of 
phospholipids  undergoing  oxidation,  is  lacking. 

Assessment  of  isoprostanes  and  neuroprostanes  has  re¬ 
liably  established  involvement  of  lipid  peroxidation  in 
central  nervous  system  injury.^  This  approach,  how¬ 
ever,  deflnes  the  fatty  acid  composition  of  modifled  sub¬ 
strates  but  leaves  the  origin  and  identity  of  oxidized 
phospholipids  sepulchered.  This  deflciency  makes  it  dif¬ 
ficult  to  identify  causal  links  among  lipid  peroxidation, 
oxidative  phospholipid  signaling,  and  mechanisms  of  cell 
injury  and  death.  Attempts  have  been  made  to  define 
individual  phospholipid  classes  undergoing  oxidation. 
Cardiolipin  (CL),  a  mitochondria-specific  phospholipid, 
has  been  suggested  to  be  a  preferred  oxidation  substrate 
in  neuronal  injury. However,  these  assessments 
were  mostly  based  on  the  use  of  nonspecific  fluorescent 
techniques  utilizing  nonyl  acridine  orange  as  a  CL- 
binding  reagent.  The  validity  of  this  protocol  has  been 
criticized.^^’^^  It  has  been  demonstrated  that  cells  lack¬ 
ing  CL-synthase,  completely  devoid  of  CL,  displayed  a 
similar  pattern  of  nonyl  acridine  orange  responses  as 
wild-type  cells.^^  Moreover,  the  fluorescence  response  of 
the  probe  is  obscured  by  its  membrane  potential-driven 
partition  into  different  mitochondrial  compartments  and 
the  respiration  state. 

We  recently  developed  an  oxidative  lipidomics  ap¬ 
proach  that  includes  quantitative  assessments  of  hy¬ 
droperoxides  in  different  major  classes  of  phospholipids 
combined  with  their  MS  characterization.  We  discov¬ 
ered  that  oxidation  of  a  CL  catalyzed  by  cytochrome  c 
was  an  early  characteristic  of  mitochondrial  response  to 
proapoptotic  challenges  in  vitro. Accumulation  of  CL 
oxidation  products  was  essential  for  the  release  of  pro¬ 
apoptotic  factors,  including  cytochrome  c.  The  role  of 
CL  oxidation  in  the  execution  of  the  apoptotic  pro¬ 
gram  in  vivo  has  not  been  addressed. 

In  this  study,  we  applied  oxidative  lipidomics  to  an¬ 
alyze  phospholipid  oxidative  modifications  after  TBI  in 
vivo.  We  used  our  established  CCI  model  in  17-day- 
old  rats^^  in  which  the  formation  of  functioning  syn¬ 
apses  in  neuronal  development  is  analogous  to  devel¬ 
opmental  processes  in  the  young  child.^^  By  comparing 
oxidized  molecular  species  and  classes  of  phospholipids 


with  their  abundance,  we  identified  the  species  of 
phospholipids  most  susceptible  to  peroxidation.  We  es¬ 
tablished  that  CL,  predominantly  its  molecular  species 
containing  C.22:6^  h  a  specific,  early,  and  prominent 
target  for  TBI-induced  oxidative  injury.  This  suggests 
that  CL  oxidation  products  may  signal  apoptotic  cell 
death  in  brain  in  vivo,  and  thus  represent  both  a  pu¬ 
tative  early  biomarker  of  apoptosis  and  a  key  acute 
therapeutic  target. 

Materials  and  Methods 

Controlled  Cortical  Impact  Model 

Seventeen-day-old  male  Sprague-Dawley  rats  were  anesthe¬ 
tized  with  3.5%  isoflurane  in  O2.  The  trachea  was  intubated 
with  a  1 4-gauge  angiocatheter.  Anesthesia  was  maintained 
with  2%  isoflurane  in  N2O/O2  (2:1).  A  rectal  probe  was 
inserted  for  temperature  monitoring.  The  head  was  fixed  in  a 
stereotactic  device.  A  craniotomy  was  made  over  the  left  pa¬ 
rietal  cortex  with  a  dental  drill,  using  the  coronal  and  inter¬ 
parietal  sutures  as  margins.  A  microprobe  (Physitemp  Instru¬ 
ments,  Clifton,  NJ)  was  inserted  through  a  burr  hole  into 
the  left  frontal  cortex  to  monitor  brain  temperature.  Rats 
were  warmed  using  a  heat  lamp  to  a  brain  temperature  of 
37  ±  0.5°C,  isoflurane  was  decreased  to  1%,  and  they  were 
then  allowed  to  equilibrate  (30  minutes).  For  all  studies,  a 
6mm  metal  pneumatically  driven  impactor  tip  was  used;  ve¬ 
locity  was  4.0  ±  0.2m/sec,  depth  of  penetration  was  2.5mm, 
and  duration  of  deformation  was  50  milliseconds.  After  TBI, 
the  bone  flap  was  replaced,  sealed  with  dental  cement,  and 
the  scalp  incision  was  closed.  After  a  1-hour  monitoring  pe¬ 
riod,  rats  were  weaned  from  mechanical  ventilation,  extu- 
bated,  and  returned  to  their  cages  until  further  study.  A  mor¬ 
tality  rate  of  <5%  is  routinely  observed  with  this  protocol 
by  our  group. 

ISOLATION  OF  CRUDE  MITOCHONDRIAL/SYNAPTOSOMAL 
(P2)  FRACTION.  The  crude  brain  mitochondrial  fraction 
was  prepared  as  described  previously.^^  In  brief,  rats  were 
perfused  transcardially  with  ice-cold  saline  and  then  decapi¬ 
tated,  brains  (minus  cerebellum)  were  rapidly  removed,  and 
ipsilateral  pericontusional  cortex  was  isolated  and  placed  in 
10  volumes  of  ice-cold  0.32M  sucrose  in  lOmM  tris(hy- 
droxymethyl)aminomethane  buffer  (pH  7.4).  The  tissue  was 
homogenized  in  a  Teflon/glass  homogenizer  (clearance,  0.1- 
0.15mm)  by  10  gentle  up-and-down  strokes.  The  homoge¬ 
nate  was  spun  at  1,000^  for  10  minutes  to  remove  nuclei  and 
cell  debris.  The  resulting  supernatant  was  centrifuged  at 
10,000^  for  20  minutes  to  obtain  the  crude  mitochondrial 
pellet.  The  final  pellet  was  washed  and  centrifuged  (4  min¬ 
utes,  10,000^,  4°C).  It  has  been  shown  that  this  protocol 
yields  P2  fraction  with  relatively  high  content  of  synaptoso¬ 
mal  mitochondria.^^  In  addition,  P2  fraction  contains  non- 
synaptosomal  mitochondria,  synaptosomal  membranes,  and 
plasma  membranes,^^  as  evidenced  by  relatively  high  content 
of  phosphatidylserine  (PS;  see  later).  We  chose  to  use  crude 
mitochondrial/synaptosomal  fraction  in  the  study  to  prevent 
selective  isolation  of  only  undamaged  mitochondria  from 
CCI  samples. 
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LIPID  EXTRACTION  AND  TWO-DIMENSIONAL  HIGH- 
PEREORMANCE  THIN-LAYER  CHROMATOGRAPHY  ANALY¬ 
SIS.  Total  lipids  were  extracted  from  mitochondria  using 
the  Folch  procedure. Lipid  extracts  were  separated  and  an¬ 
alyzed  by  two-dimensional  high-performance  thin-layer  chro¬ 
matography  (2D-HPTLC)  on  silica  G  plates  (5  X  5cm; 
Whatman,  Florham  Park,  The  plates  were  first  devel¬ 

oped  with  a  solvent  system  consisting  of  chloroform/metha- 
nol/28%  ammonium  hydroxide  (65:25:5  vol/vol).  After  the 
plate  was  dried  with  a  forced  N2  blower  to  remove  the  sol¬ 
vent,  it  was  developed  in  the  second  dimension  with  a  sol¬ 
vent  system  consisting  of  chloroform/acetone/methanol/gla- 
cial  acetic  acid/ water  (50:20:10:10:5  vol/vol).  The 
phospholipids  were  visualized  by  exposure  to  iodine  vapors 
and  identified  by  comparison  with  authentic  phospholipid 
standards.  Lipid  phosphorus  was  determined  by  a  micro- 
method.^^ 

Phospholipid  hydroperoxides  were  determined  by  fluores¬ 
cence  high-performance  liquid  chromatography  (HPLC)  of 
products  formed  in  microperoxidase- 1 1 -catalyzed  reaction 
with  Amplex  Red,  A/^ acetyl-3, 7'dihydroxyphenoxazine  (Mo¬ 
lecular  Probes,  Eugene,  OR)  as  described  previously.^^  Oxi¬ 
dized  phospholipids  were  hydrolyzed  by  porcine  pancreatic 
phospholipase  A2  (2U/|Jl1)  in  25mM  phosphate  buffer  con¬ 
taining  l.OmM  Ca,  0.5mM  EDTA,  and  0.5mM  sodium  do- 
decyl  sulfate  (pH  8.0  at  room  temperature  for  30  minutes). 
After  that  50|JlM  Amplex  Red  and  microperoxidase- 1 1 
(1.0|JLg/|JLl)  was  added  and  samples  were  incubated  at  4°C  for 
40  min.  The  reaction  was  terminated  by  addition  of  lOOfxl 
stop  reagent  (lOmM  HCl,  4mM  butylated  hydroxytoluene 
[BHT]  in  ethanol).  After  centrifugation  at  15,000^  for  5 
minutes,  aliquots  of  supernatant  (5|Jl1)  were  injected  into 
Eclipse  XDB-C18  column  (5|Jtm,  150  X  4.6mm).  The  mo¬ 
bile  phase  was  composed  of  25mM  NaH2P04  (pH  7.0)/ 
methanol  (60:40  vol/vol).  The  flow  rate  was  Iml/min. 
Resorufm  (an  Amplex  Red  oxidation  product)  fluorescence 
(Xgx  560nm,  590nm)  was  measured  by  Shimadzu  LC- 

lOOAT  vp  HPLC  system  equipped  with  fluorescence  detec¬ 
tor  (RF-lOAxl)  (Shimadzu,  Kyoto,  Japan)  and  autosampler 
(SIL-IOAD  vp).  Data  were  processed  and  stored  in  digital 
form  with  Class-VP  software. 

Mass  spectra  of  phospholipids  were  analyzed  by  direct  infu¬ 
sion  into  a  triple-quadrupole  mass  spectrometer  (Einnigan 
MAT  TSQ  700;  ThermoEisher  Scientific,  San  Jose,  CA),  a 
Quattro  11  triple  quadrupole  mass  spectrometer  (Micromass, 
Manchester,  United  Kingdom),  or  a  quadrupole  linear  ion 
trap  mass  spectrometer  (LXQ;  ThermoEisher  Scientific).  Af¬ 
ter  2D-HPTLC  separation  samples  were  collected,  evapo¬ 
rated  under  N2,  resuspended  in  chloroform/methanol  1:2 
vol/vol  (20pmol/|JLl),  and  used  for  acquisition  of  negative  ion 
electrospray  ionization  (ESI)  mass  spectra  at  a  flow  rate  of 
5|JLl/min.  The  electrospray  probe  was  operated  at  a  voltage 
differential  of  —3.5  to  5.0kV  in  the  negative  or  positive  ion 
mode.  Source  temperature  was  maintained  at  70°C  in  the 
case  of  triple-quadrupole  mass  spectrometers  and  150°C  for 
capillary  temperature  of  ion  trap  LXQ.  In  addition,  MS  anal¬ 
ysis  was  performed  on  a  Finnigan  LTQ  mass  spectrometer 
with  MALDI  source  (ThermoFisher  Scientific).  Lipid  sam¬ 
ples  were  dissolved  in  chloroform/methanol  1:1  vol/vol.  One 
microliter  of  lipid  solution  was  spotted  directly  onto  a 
MALDI  plate  and  dried.  A  total  of  0.5|Jl1  of  2,5- 


dihydroxybenzoic  acid  (25mg/ml  in  chloroform/methanol 
1:1  vol/vol)  was  added  to  each  spot  as  matrix.  Spectra  were 
acquired  in  negative  ion  mode  using  full-range  zoom  (m/z 
500-2,000)  or  ultrazoom  (SIM)  scans.  Tandem  mass  spec¬ 
trometry  (MS/MS)  analysis  of  individual  phospholipid  spe¬ 
cies  was  used  to  determine  the  fatty  acid  composition. 
Collision-induced  dissociation  spectra  on  triple-quadrupole 
instruments  were  obtained  by  selecting  the  ion  of  interest 
and  performing  daughter  ion  scanning  in  Q3  at  400Da/sec 
using  Ar  as  the  collision  gas.  MS”  analysis  on  ion  trap  in¬ 
struments  was  conducted  with  relative  collision  energy 
ranged  from  20  to  40%,  and  with  activation  q  value  at  0.25 
for  collision-induced  dissociation  and  0.7  for  pulsed-Q  dis¬ 
sociation  technique. 

Clusters  of  signals  with  a  mass  difference  of  16  known  to 
represent  two  forms  of  glycerophospholipids,  alkenyl-acyl 
and  diacyl  species,  were  detectable  in  ESI-MS  spectra.^^ 
MS/MS  fragmentation  of  ether-linked  alkenyl  (plasmalogen) 
species  resulted  in  the  formation  of  two  typical  product  ions 
formed  after  loss  of  fatty  acyl  in  sn-2  position:  mono-lyso- 
alkenyl  species  and  mono-lyso-acyl  species.  To  further  con¬ 
firm  the  identity  of  glycerophospholipids,  we  exposed  them 
to  HCl  fumes  known  to  hydrolyze  alkenyl-acyl  glycerophos¬ 
pholipids  to  yield  their  lyso-acyl  derivatives.  The  reaction 
products  were  subjected  to  HPTLC,  and  spots  corresponding 
to  glycerophospholipids  were  analyzed  by  ESI-MS.  This 
treatment  resulted  in  disappearance  of  molecular  ions  corre¬ 
sponding  to  molecular  species  of  alkenyl-acyl  glycerophos¬ 
pholipids,  whereas  those  of  diacyl  phospholipids  remained 
unchanged.  MS/MS  fragmentation  of  ether-linked  alkyl-acyl- 
glycerophospholipids  in  negative  mode  yielded  two  typical 
deprotonated  product  ions  formed  after  the  loss  of  fatty  acyl 
in  sn-2  position:  mono-lyso-alkyl  species  and  acyl  species. 
Product  ions  representing  mono-lyso-alkyl  species  have  mass 
differences  of  14  compared  with  the  product  ions  of  corre¬ 
sponding  mono-lyso-acyl  species,  finally,  chemical  structures 
of  glycerophospholipids  were  confirmed  by  Lipid  Map  Data 
Base  using  ChemDraw  format  (www.lipidmaps.org). 

Histological  Assessment 

Neurodegeneration  in  the  pericontusional  area  was  assessed 
using  terminal  deoxynucleotidyltransferase-mediated  dUTP 
nick  end  labeling  (TUNEL)  on  5|JLm  paraffin  sections  cut 
through  the  dorsal  hippocampus  as  described  previously.^^ 

Caspase-3  activity  was  measured  using  Caspase-Glo  assay 
kit  obtained  from  Promega  (Madison,  WI).  Caspase-3  activ¬ 
ity  was  expressed  as  the  luminescence  produced  within  1 
hour  of  incubation  at  25°C  using  a  MLIOOO  luminescence 
plate  reader  (Dynatech  Labs,  Chantilly,  VA). 

ELUORESCENCE  ASSAY  OE  REDUCED  GLUTATHIONE. 
Glutathione  (GSH)  levels  were  estimated  in  cortical  homog¬ 
enates  using  ThioGloTM-C^  as  described  previously  with 
minimal  modifications.^  GSH  concentrations  were  deter¬ 
mined  by  addition  of  GSH  peroxidase  and  hydrogen  perox¬ 
ide  to  the  brain  homogenates,  and  the  resultant  fluorescence 
response  was  subtracted  from  the  fluorescence  response  of 
the  same  specimens  without  addition  of  GSH  peroxidase  and 
hydrogen  peroxide  (Sigma,  St.  Louis,  MO).  A  Shimadzu 
spectrophotometer  RF-5301PC  (Shimadzu,  Kyoto,  Japan) 
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was  employed  using  388nm  (excitation)  and  500nm  (emis¬ 
sion)  wavelengths. 

HIGH-PERFORMANCE  LIQUID  CHROMATOGRAPHY  ASSAY 
OF  ASCORBATE.  Supernatant  obtained  after  precipitation 
of  proteins  in  brain  homogenates  by  10%  trichloroacetic  acid 
and  sedimentation  (2,000^  X  10  minutes)  was  used  for 
HPLC  measurements,  as  described  previously.^ 

Mitochondrial  electron  transport  was  determined  by  mea¬ 
suring  the  rotenone-sensitive  NADH  oxidase  activity  in  an 
HPLC-based  assay  as  described  previously.^^’^^  To  provide 
access  of  NADH  to  synaptic  mitochondria,  we  treated  the 
aliquots  of  mitochondria  fractions  by  nitrogen  cavitation. 

In  these  experiments,  CL  content  in  mitochondria  samples 
was  measured  using  an  HPLC-based  assay,  as  described  pre¬ 
viously.^^ 

Statistical  Analysis 

Data  are  expressed  as  mean  ±  standard  deviation.  Brain  ox¬ 
idized  phospholipid,  GSH  and  ascorbate  levels,  and  caspase- 
3/7  activity  were  compared  among  different  groups  using 
analysis  of  variance  with  Tukey’s  posttest.  Rotenone-sensitive 
NADH:02  oxido reductase  activity  between  sham  and  CCI 
was  compared  using  t  test.  Histological  sections  were  assessed 
semiquantitatively  by  one  of  the  authors  masked  to  the  study 
groups. 

Results 

Phospholipid  Composition 

Mitochondria,  particularly  synaptic  mitochondria, 
are  believed  to  play  a  pivotal  role  in  oxidative  brain 
injury.^^”^^  Therefore,  we  used  a  mitochondria-rich 
synaptosomal  fraction  (P2)  isolated  from  postnatal 
day  17  rats  for  our  studies. 

Figure  1  shows  a  typical  2D-HPTLC  profile  of  ma¬ 
jor  classes  of  phospholipids  in  the  isolated  P2  fractions. 
The  silica  spots  were  scraped  off  the  plate,  and  the 
phospholipid  content  was  quantified  via  the  amounts 
of  phosphatidylinositol  (Table  1).  TBI  did  not  induce 
any  significant  change  in  the  phospholipid  composition 
of  P2  fractions  compared  with  controls  except  for  the 
accumulation  of  lysophosphatidylcholine.  This  is  con¬ 
sistent  with  the  scale  of  accumulation  of  oxidation 
products  not  exceeding  5mol%  of  individual  phospho¬ 
lipids  (see  later). 

Mass  Spectroscopic  Analysis  of  Individual  Molecular 
Species 

We  further  used  ESI-  and  MALDI-MS  to  characterize 
individual  molecular  species  of  phospholipids  in  P2 
fractions.  We  present  detailed  description  of  MS  exper¬ 
iments  with  CL  because  identification  of  its  molecular 
species  is  technically  more  challenging  than  of  other 
phospholipids. 

CL  possesses  two  anionic  charges  that  form  both  sin¬ 
gly  charged  [M  — H]~  and  doubly  charged  [M— 2H]~^ 
ions  (Fig  2Aa).  The  identities  of  major  CL  clusters  and 


NL 


PS  PI  '  <1 

Origin 

^ - 

2 

Fig  1.  Typical  two-dimensional  high-performance  thin-layer 
chromatography  of  total  lipids  extracted  from  cortical  P2  frac¬ 
tion.  CL  =  cardiolipin;  FFA  =  free  fatty  acids;  LPC  =  lyso¬ 
phosphatidylcholine;  NL  =  neutral  lipids;  PC  =  phosphatidyl¬ 
choline;  PE  =  phosphatidylethanolamine;  PI  = 
phosphatidylinositol;  PS  =  phosphatidylserine;  Sph  = 
sphingomyelin. 


Table  1,  Phospholipid  Composition  of  P2  Fraction 
Isolated  from  Ipsilateral  (Left)  Cerebral  Cortex  (% 
of  Total) 


Phospholipid  Class 

Control 

Trauma 

Cardiolipin 

2.4  ±  0.3 

1.9  ±  1.2 

Phosphatidylethanolamine 

37.7  ±  1.0 

36.1  ±  0.7 

Phosphatidylcholine 

43.0  ±  1.8 

43.3  ±  0.7 

Phosphatidylserine 

12.4  ±  0.7 

12.3  ±  0.1 

Phosphatidylinositol 

3.4  ±  0.3 

3.3  ±  0.4 

Sphingomyelin 

1.3  ±  0.7 

1.6  ±  1.0 

Lysophosphatidylcholine 

<0.5 

1.4  ±  0.8 

their  structures  were  analyzed  by  tandem  MS  using  the 
approach  that  Hsu  and  Turk^^  described.  Molecular 
species  of  brain  CL  were  represented  by  at  least  12  dif¬ 
ferent  major  clusters  with  a  variety  of  fatty  acid  resi¬ 
dues.  These  included  polyunsaturated  arachidonic 
(^20:4)  docosahexaenoic  (C22:6)  (DHA)  fatty  acids 
highly  susceptible  to  peroxidation.  As  an  example,  Fig¬ 
ure  2Ab  shows  a  typical  MS/MS  fragmentation  exper¬ 
iment.  The  major  CL  molecular  cluster  of  singly 
charged  CL  ion  at  m/z  1,550.2,  which  corresponds  to 
doubly  charged  CL  ion  at  m/z  774.5,  yielded  ions  with 
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m/z  279,  281,  283,  303,  305,  327,  and  329.  These 
signals  correspond  to  Ci8:2>  ^18:V  ^18:0^  ^20:4^  ^20:3^ 
^22:6’  ^22:5  acids,  which  originate  from  at 

least  four  different  CL  molecular  species  as  follows: 
(^18:l)  1^ (Cl8:o)  (^22:6)2’  (Cl8:o)  1^ ^^20:^  J (^22:5)  1’ 
^^l8-.2)ll^^20:^2l^^22-.‘^l'>  ^^l8-.2)  J J ^^22-.‘^  J 

(C22:6)i-  Complete  structural  characterization  of  major 
CL  clusters  by  multistage  fragmentation  (MS^^)  using 
ion  trap  MS  identified  at  least  two  isomers  in  each  of 
the  CL  molecular  species  as  summarized  in  Table  2. 

These  characterizations  were  confirmed  by  MALDI- 
MS"^.  Typical  ions  formed  during  fragmentation  pro¬ 
cess  of  CL  {a,  b,  a+\?)G,  or  ^+136)  were  identified  in 
MS^  spectra.^^  Then  MS^  was  performed  on  each  of  a 
or  b  ions  to  assign  fatty  acids  and  their  positions.  As  an 
example.  Figure  2Bb  shows  analysis  of  one  of  the  pre¬ 
cursors  detected  at  m/z  1,472.  During  MALDI  ioniza¬ 
tion,  both  [M  — Fi]~  and  [M  — 2H  +  Na]~  types  of  ions 
and  ions  of  adducts  with  DFiB  matrix  are  formed. 
Three  types  of  ions  ([M  — Fi]~,  [M  — 2Fi  +  Na]~, 
[M  — 2H  +  DHB  +  Na]  )  and  seven  predominant  mo¬ 
lecular  species,  including  four  isomers,  (of  the  a/b  or 
(^+ 136)/(/?+ 136)  ion  pairs)  were  identified  from  anal¬ 
ysis  of  just  one  precursor  in  the  MS^  spectrum  of  the 
m/z  1,472  ion  (see  Fig  2B,b).  The  most  dominant  ion 
[M  — 2H  +  Na]~  consisted  of  at  least  four  isomers  that 
were  identified  as 

C20:4)(Cl6:0^^18:l)’  (^18:2'^^!  8:  l)  (^16: 1^^20:4)  ’ 

(Ci8:i/Ci8:2)(Ci8:2/Ci8:2)-  These  isomets  of  CL,  corre¬ 
sponded  to  doubly  charged  ion  at  m/z  724.2  (see  Fig 
2A).  The  ion  [M— Fi]~  consisted  of  (Ci8:i/Ci8:i)(Ci6.2/ 
6^22:6)  (^16:1^ ^20:4)  (^18:2^^20:3^'  Mattix  adduCt 

ion  [M— 2Fi  +  DFiB  +  Na]~  corresponded  to  (C^^.q/ 

Cl4:o)^(^16:0^^16:o)- 

In  contrast  with  multiple  species  of  CL,  a  single  ma¬ 
jor  molecular  ion  of  PS  with  m/z  834  was  observed 
using  negative  ionization  mode  (Fig  3A).  PS  fragmen¬ 
tation  yielded  a  strong  peak  with  m/z  747  caused  by 
loss  of  the  serine  group.  Molecular  fragments  with  m/z 


283  and  327  correspond  to  carboxylate  anions  of 
stearic  acid  (Ci8:o)  DFiA  (C22:6)>  respectively. 

We  used  ESI-MS  analysis  to  characterize  individual 
molecular  species  of  phosphatidylinositol,  phosphati- 
dylethanolamine  (PE),  phosphatidylcholine  (PC),  and 
sphingomyelin  as  well.  The  distribution  of  molecular 
species  in  these  phospholipids,  as  well  as  characteristic 
fragments  obtained  by  their  fragmentation,  are  summa¬ 
rized  in  Table  3.  Note  that  all  major  phospholipids 
(CL,  PS,  PE,  and  PC)  contained  molecular  species 
with  polyunsaturated  fatty  acid  residues,  particularly 
^20:4’  ^22:55  aud  C22:6-  Thcsc  polyunsaturatcd  fatty  ac¬ 
ids  are  known  to  be  most  susceptible  to  oxidative  at¬ 
tack.  Thus,  random  oxidation  should  cause  oxidation 
of  all  of  these  phospholipid  classes. 

Phospholipid  Oxidation  and  Identification  of 
Individual  Oxidized  Molecular  Species 
Next,  we  used  ESI-MS  to  detect  and  identify  molecu¬ 
lar  species  of  phospholipids  that  underwent  oxidation 
at  3  and  24  hours  after  CCI.  Comparison  of  the  CL 
spectra  from  ipsilateral  cortex  in  control  and  CCI  rats 
demonstrated  an  increased  intensity  of  a  peak  at  m/z 
790.6.  Detailed  analysis  of  this  peak  demonstrated  that 
the  [M— 2Fi]^~  ion  corresponds  to  multiple  CL 
species  with  a  dominant  isomer  of  (0^^fQ22:<^ 
(C22:6+ooh/Ci8:o)  Originating  from  the  ion  at  m/z 
774.8  (see  Fig  2C).  The  structural  assignment  of  this 
CL-OOFi  product  with  hydroperoxy  group  in  C22:6 
was  obtained  by  MS"^  fragmentation  as  described  ear¬ 
lier  (data  not  shown).  MALDI-MS  analysis  confirmed 
this  conclusion  (data  not  shown).  We  performed  ox¬ 
idative  lipidomics  analysis  of  doubly  charged  species 
for  CL  because  the  signal  intensity  of  doubly  charged 
ion  is  higher  compared  with  the  singly  charged  one  as 
shown  in  Figure  2 A. 

MS  analysis  of  PS  in  the  ipsilateral  cortex  in  control 
and  CCI  rats  detected  presence  of  PS  molecular  species 
with  oxidized  C22:65  PS-OOFi,  with  m/z  866  (see  Fig 
3B).  The  intensity  of  this  signal  was  higher  at  24  hours 


Fig  2.  Typical  negative  ion  electrospray  ionization  (ESI)  (A)  and  matrix-assisted  laser  desorption/ ionization  (MALDI)  (B)  mass 
spectra  of  cardiolipins  (CLs)  obtained  fom  cortical  P2  faction.  CLs  isolated  by  two-dimensional  high-performance  thin-layer  chro¬ 
matography  (2D-HPTLC)  were  subjected  to  mass  spectrometry  (MS)  analysis  by  direct  infusion  into  mass  spectrometer.  (A)  The 
identities  of  major  molecular  species  in  CL  clusters  were  established  by  tandem  MS.  Shown  is  a  typical  MS/MS  fagmentation  ex¬ 
periment  for  a  major  CL  molecular  cluster  with  a  single  charged  ion  at  m/z  1,550.  Note  the  formation  of  ions  with  m/z  279, 

281,  283,  303,  305,  327,  and  329  corresponding  to  Cig.2,  Cjg.j,  Cjg.g,  C20:4^  ^20:3’  G^22:6>  ^^d  C22:5  acids  and  resulting  in 
at  least  four  different  CL  molecular  species  as  follows:  (Cig.fflCigf  i/(C22:6)2>  (GIi8:o)  20:4) f(GI 22:5)  F  (Glisf  20:3) f(GI 22:5)  F 

(C  18:2) i/(Ci8:o) i/(C22:5) i/(C22:6)  1  fftty  acids  (A,  b).  (B)  Structural  characterization  of  CL  molecular  species  consisting  of  multiple 
isomers  by  Ion  Trap  MS^  fagmentation  (B,  b).  MS^  spectrum  shows  a  singly  charged  CL  ion  at  m/z  1,472;  note  the  presence  of 
multiple  a  and  b  fagments.  (B,  c)  MS^  spectrum  of  (2i+ 136)  ion  at  m/z  829  of  one  of  the  72:7  CL  isomers.  The  MALDI-MS^ 
spectrum  of  m/z  829  (1,472—829)  ion  confirmed  the  structure  as  (Ci^.  f)/(Cig.  f).  All  ion  assignments  were  performed  according  to 
Hsu  and  Turk.^^  (C)  Typical  negative  ion  ESI  mass  spectra  of  molecular  species  of  CL  isolated  fom  ipsilateral  cortical  P2  faction 
afer  CCI.  Identification  of  individual  oxidized  molecular  species  (C22:6  containing  CL-OOH).  Tandem  MS/MS  experiments  con¬ 
firmed  the  structures  of  oxidized  CL  (C,  a  and  b). 
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after  CCI  versus  control.  Detailed  analysis  of  this  peak 
by  ESI-MS  demonstrated  that  the  [M  — H]~  ion  at  m/z 
866.4  corresponds  to  PS  with  dominating  product  of 
(Ci8:0^C22:6+ooh)  Originating  from  the  ion  at  m/z 
834  (C^g.Q/C22:6)- 


Consistent  with  the  MS  measurements,  quantitative 
analysis  of  phospholipid  oxidation  by  HPLC  showed 
that  CL  underwent  most  robust  and  early  (at  3  hours) 
oxidation  after  CCI  (Fig  4).  At  this  time  point,  no 
other  phospholipids  were  oxidized.  At  24  hours  after 
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Table  2,  Major  Cardiolipin 

Molecular  Species  from  P2  Fraction  of  Rat  Brain  Cortex 

Molecular  m/z  [M-2H]"^ 

Species 

m/z  [M-H]“ 

Acyl  Chain  Composition 

Cardiolipin 

Diacyl  species  of  major  clusters 

Acyl/Acyl 

68:3 

686.6 

1,374.2 

(Ci4:o)i/(Ci6.i)i/(Ci8:i)2 

68:3 

700.5 

1,402.0 

(Ci6:i)i/(Ci6.o)i/(Ci8:i)2 

68:2 

701.9 

1,404.8 

(Ci6:o)2/(Ci8:i)2 

70:6 

711.8 

1,424.6 

(Ci6:o)l/ (Ci6:l)l/ (Ci8:l)  1/ (C20:4)  1 

70:5 

712.7 

1,426.4 

(Ci6:i)i/(Ci8:2)i/(Ci8:i)2 

70:4 

713.9 

1,428.8 

(Ci6:i)i/(Ci8:i)3 

72:8 

723.5 

1,448.0 

(Ci6:l)l/ (Ci8:2)i/ (Ci8:l)  l/ (C20:4)  1 

72:8 

723.5 

1,448.0 

(Ci8:2)4 

72:7 

724.5 

1,450.0 

(Ci6:l)l/ (Ci8:2)i/ (Ci8:l)  l/ (C20:3)  1 

74:8 

737.2 

1,476.4 

(Ci8:i)2/  (Cl  8:2)1/ (C20:4)  1 

76:11 

748.8 

1,498.6 

(Ci8:2)i/(Ci8:i)i/(C20:4)2 

76:10 

749.8 

1,500.2 

(Ci8:i)2/(C20:4)2 

76:9 

750.8 

1,502.6 

(Ci6:o)  1/  (Ci8:l)  1/  (C20:4)  1/  (C22:4)  1 

78:15 

758.9 

1,518.9 

(Ci6:i)i/(Ci8:2)i/(C22:6)2 

78:14 

759.5 

1,520.0 

(Ci8:2)i/(C20:4)3 

78:12 

762.0 

1,524.0 

(Ci8:i)2/  (C20:4)  1/ (C22:6)  1 

78:10 

763.8 

1,528.6 

(Cl  8: 1)2/  (C20:4)i/ (C22:4)  1 

80:13 

774.5 

1,550.0 

(Ci8:i)i/(Ci8:o)i/(C22:6)2 

80:13 

774.5 

1,550.0 

(Ci8:o)l/ (C20:4)2/  (C22:5)i 

80:13 

774.5 

1,550.0 

(Ci8:2)  1/ (C20:3)2/  (C22:5)  1 

80:13 

774.5 

1,550.0 

(Ci8:2)i/ (Ci8:o)i/ ^0.22-^  d (C22:6)l 

80:12 

776.0 

1,553.0 

(Ci8:o)2/(C22:6)2 

82:17 

784.6 

1,570.2 

(Ci8:i)i/(C20:4)i/(C22:6)2 

82:11 

790.6 

1,582.7 

(Cl  8: 1)1/  {0.20,2)  d  (C24:6)  1 

Phospholipids  are  designated  as  follows:  tetra-acyl  74:8  cardiolipin  (CL),  where  74  indicates  the  summed  number  of  carbon  atoms  at 
both  the  sn-1,  sn-2,  and  sn-L,  sn-2'  positions  and  :8  designates  the  summed  number  of  double  bonds  at  both  the  sn-1,  sn-2,  and  sn- 
1',  sn-2'  positions.  Possible  major  species  are  indicated  as  tetra-acyl  (Ci8:i)2/(Ci8:2)i/(C20:4)i»  where  18,  18,  18,  and  20  are  the 
numbers  of  carbon  atoms  in  fatty  acyl  chains  at  the  sn-1,  sn-2  and  sn-1',  sn-2'  positions,  respectively,  and  :1,  :1,  :2,  and  :4  are  the 
numbers  of  double  bonds  of  the  sn-1,  sn-2  and  sn-1',  sn-2'  fatty  acyl  chains,  respectively.  These  individual  CL  molecular  species  were 
detected  by  ESI  as  deprotonated  species  of  CL  in  the  negative  ionization  mode  at  m/z  ratios  of  737.2  and  1,476.4.  These  m/z  values 
indicate  ratios  of  mass  to  charge  for  singly  charged  [M  — H]~  ions  and  doubly  charged  [M— 2H]~^  ions,  respectively. 


TBI,  a  marked  oxidation  of  PS  occurred,  whereas  other 
phospholipids  such  as  PE  and  PC  were  only  slightly 
oxidized.  Importantly,  the  pattern  of  phospholipid  ox¬ 
idation  was  nonrandom  and  did  not  follow  their  abun¬ 
dance  in  P2  fraction  (compare  with  Table  1). 

Cytochrome  c— Catalyzed  Oxidation  of  Tetralinoleyl- 
Cardiolipin 

To  investigate  interaction  between  cytochrome  c  and 
CL,  we  performed  in  vitro  assessments  of  the  ability  of 
cytochrome  c  to  catalyze  H202-dependent  peroxida¬ 
tion  of  polyunsaturated  tetralinoleyl-cardiolipin. 


Marked  accumulation  CL  hydroperoxides  (CL-OOH) 
formed  in  this  system  was  detected  using  fluorescence 
HPLC  protocol  (Fig  5A).  We  then  identified  the  major 
oxidation  products  by  ESI-MS.  We  found  that  molec¬ 
ular  species  of  CL  containing  1,  2,  3,  4,  and  5  hy- 
droperoxy  groups  were  generated  in  the  course  of  cy¬ 
tochrome  c-catalyzed  reaction  (see  Lig  5B).  In 
addition,  several  hydroxy  and  hydroxy-hydroperoxy  de¬ 
rivatives  of  CL  were  detected  by  MS  analysis.  This 
demonstrates  that  nonoxidized  CL  undergoes  oxidation 
to  its  hydroperoxides  in  the  presence  of  H2O2.  More¬ 
over,  these  results  also  show  that  cytochrome  c  can  uti- 
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Fig  3.  Typical  negative  ion  ESI  mass  spectra  of  molecular  species  of  phosphatidylserine  (PS).  Phospholipids  isolated  by  two- 
dimensional  high-performance  thin-layer  chromatography  (2D-HPTLC)  were  subjected  to  mass  spectrometry  (MS)  analysis  by  direct 
infusion  into  mass  spectrometer.  (A)  Shown  is  a  typical  MS/MS  fragmentation  experiment  for  the  major  PS  with  miz  834.  PS 
fragmentation  yielded  a  strong  peak  with  mIz  747  caused  by  loss  of  the  serine  group.  Molecular  fragments  with  mIz  283  and  327 
corresponded  to  carboxylate  anions  of  stearic  (Cig.  f  and  docosahexaenoic  (C22:6)  fiitty  acids,  respectively.  (B)  Typical  negative  ion 
ESI  mass  spectra  of  PS  isolated  from  ipsilateral  cortical  P2  fraction  after  CCI.  Identification  of  individual  oxidized  molecular  spe¬ 
cies  (€22:6  containing  PS-0  OH).  Tandem  MS/MS  experiments  confirmed  the  structures  of  oxidized  PS  (B,  a  and  b). 


lize  CL-hydroperoxides  as  a  source  of  oxidizing  equiv¬ 
alents  to  oxidize  CL  and  simultaneously  reduce  CL- 
OOH  to  CL-OH. 

Biomarkers  of  Cell  Degeneration  and  Apoptosis 
To  determine  whether  there  was  a  correspondence  be¬ 
tween  phospholipid  oxidation  and  the  appearance  of  bi¬ 
omarkers  of  cell  damage,  we  assessed  time  course  of  bi¬ 
omarkers  of  apoptosis.  TUNEL-positivity  was  observed 
in  the  pericontusion  cortical  area  at  24  hours  after  in¬ 
jury.  There  was  no  TUNEL-positive  staining  in  sham- 
operated  rat  cortex  (Eig  6A).  Ipsilateral  cortical  caspase- 
3/7  activity  was  increased  at  24  hours  after  CCI  but  not 
at  3  hours  compared  with  control  (see  Fig  6B). 

Assessments  of  Oxidative  Stress  and  Mitochondrial 
Electron  Transport  Activity 

GSFi  and  ascorbate  are  two  major  water-soluble  anti¬ 
oxidants  in  the  brain.^^  Ipsilateral  cortical  GSFi  levels 
were  decreased  at  24  hours  (10.84  ±  0.64nmol/mg 
protein)  after  CCI  versus  controls  (14.56  ± 

1.16nmol/mg  protein)  (Fig  7A).  Ascorbate  concentra¬ 
tions  in  ipsilateral  cortex  were  lower  at  24  hours  in 
injured  rats  (43.02  ±  1.13nmol/mg  protein)  versus 
control  rats  (58.0  ±  4.74nmol/mg  protein;  p  <  0.05) 


(see  Fig  7B).  Furthermore,  the  reductions  in  GSFi  and 
ascorbate  levels  correlated  temporally  with  the  nonspe¬ 
cific  oxidation  of  phospholipids. 

CL  is  essential  for  the  maintenance  of  mitochondrial 
electron  transport.  We  reasoned  that  CL  oxidation 
could  be  associated  with  the  loss  of  electron  transport 
activity.  In  accord  with  this,  we  observed  a  significant 
decrease  in  rotenone-sensitive  NADH:02  oxidoreduc- 
tase  activity  at  3  hours  after  CCI  versus  control,  coin¬ 
cident  with  the  CL  oxidation  (see  Fig  7C).  There  was 
no  difference  in  cytochrome  c  oxidase  subunit  IV  ex¬ 
pression  assessed  by  Western  blot  analysis  between  CCI 
and  control  (data  not  shown). 

Discussion 

Selective  Early  Oxidation  of  Cardiolipin:  A  Specific 
Apoptotic  Trigger  in  Injured  Brain? 

This  report  presents  the  first  detailed  MS-based  char¬ 
acterization  of  individual  molecular  species  of  major 
phospholipids  in  the  rat  cortex.  Our  emphasis  has  been 
placed  on  polyunsaturated  molecular  species  of  mito¬ 
chondrial/synaptosomal  phospholipids,  particularly  on 
the  species  containing  DHA  residues,  as  most  likely 
targets  for  oxidative  attack.  We  found  that  essentially 
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Table  3.  Major  Phospholipid  Molecular  Species  from  P2  Fraction  of  Rat  Brain  Cortex 

Molecular  Species 

m/z  [M-H]“ 

Identified  Acyl  Chains 

Phosphatidylinositol 

Diacyl  species 

Acyl/Acyl 

34:1 

835.8 

Ci6:i/Ci8.o 

36:4 

857.8 

f^l6:o/f^20:4 

38:4 

885.8 

f^l8:o/f^20:4 

38:3 

887.8 

f^l8:o/f^20:3 

40:6 

909.8 

f^l8:o/f^22:6 

Phosphatidylserine 

Diacyl  species 

Acyl/Acyl 

34:1 

760.8 

f^l6:o/f^l8:l 

36:1 

788.8 

f^l8:o/f^l8:l 

38:4 

810.8 

f^l8:o/f^20:4  ^^d  C,i^.qI Q,22-A 

40:6 

834.8 

f^l8:o/f^22:6 

40:5 

836.8 

f^l8:o/f^22:5 

40:4 

838.8 

f^l8:o/f^22:4 

Phosphatidylethanolamine 

Diacyl  species 

Acyl/Acyl 

38:6 

762.8 

f^l6:o/f^22:6 

38:4 

766.8 

f^l8:o/f^20:4  ^\6-.ol^22A 

40:6 

790.8 

f^l8:o/f^22:6 

40:4 

794.7 

f^l8:o/f^22:4 

Alkenyl-acyl  species 

Ether/Acyl 

34:1 

700.8 

f^l6:0p/f^l8:l 

36:4 

722.8 

f^l6:0p/f^20:4 

38:5  or  38:6 

747.8 

Ci8:lp/C20:4  Or  Q22-.6 

38:4 

750.8 

f^l6:0p/f^22:4  ^r  E.\s-.qJ^20A 

38:2 

754.7 

f^l8:0p/f^20:2  Ci8:ip/C20:i 

40:6 

774.7 

f^l8:0p/f^22:6 

40:4 

778.8 

f^l8:0p/f^22:4 

Sphingomyelin  (sodium  salt  of 
molecular  ion  of  m/z  731.7) 

sphingoid  base-acyl  species 

Sphingoid  base/acyl 

34:1 

703.7 

Ci8:l/Ci6.o 

36:2 

729.7 

Ci8:i/Ci8.i 

36:1 

731.7 

Ci8:i/Ci8:0 

36:1 

753.8* 

Ci8:i/Ci8.o 

38:1 

759.8 

Ci8:i/C20:0 

42:2 

813.8 

Ci8:i/C24.i 

all  phospholipid  classes  (PC,  PE,  phosphatidylinositol, 
and  CL)  included  C22:6"Containing  species.  This  sug¬ 
gests  that  during  a  random  nonenzymatic  process  of 


lipid  peroxidation,  phospholipids  should  be  involved  in 
the  reaction  proportionally  to  their  abundance.  Here 
we  report  that  CCI-induced  lipid  peroxidation  did  not 
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Table  3.  continued 

Molecular  Species 

m/z  [M+H]"^ 

Identified  Acyl  Chains 

Phosphatidylcholine 

Diacyl  species 

Acyl/Acyl 

30:0 

706.7 

Cl4:o/f^l6:0 

32:1 

732.7 

32:0 

734.7 

34:2 

758.8 

Cl6:l/f^l8:l 

34:1 

760.7 

34:0 

762.7 

f^l6:o/f^l8:0 

36:3 

784.7 

Cl8:l/f^l8:2 

36:1 

788.7 

f^l8:o/f^l8:l 

38:6 

806.7 

f^l6:o/f^22:6 

38:4 

810.7 

f^l8:o/f^20:4 

38:2 

812.7 

f^l8:o/f^20:2 

40:7 

832.7 

f^l8:l/f^22:6 

40:4 

838.7 

f^l8:o/f^22:4 

Ether/Acyl  species 

Ether/Acyl 

36:1 

772.7 

f^l8:0p/f^l8:l 

32:0 

718.9 

f^l6:0a/f^l6:0 

32:0 

718.9 

f^l8:0a/f^l4:0 

34:0 

744.9 

f^l8:0p/f^l6:0 

38:4 

794.7 

f^l8:0a/f^20:4 

38:4 

794.7 

^l6:oJ^22:4 

38:3 

796.7 

^\8:oJ^20:3 

40:7 

816.7 

f^l8:lp/f^22:6 

40:4 

822.7 

^\8:oJ^22:4 

p  =  an  sn-1  vinyl  ether  (alkenyl-  or  plasmalogen)  linkage: 

;  a  =  an  sn-1  ether  (alkyl-)  linkage. 

follow  this  prediction  early  after  the  impact.  In  con¬ 
trast,  only  molecular  species  of  one  class  of  phospho¬ 
lipids,  a  C22:6"Containing  CL,  underwent  oxidation 
whereas  other  more  abundant  phospholipids,  particu¬ 
larly  PC  and  PE,  remained  intact.  At  a  later  stage, 
however,  the  random  character  of  lipid  peroxidation 
materialized:  although  CL  still  remained  the  preferred 
peroxidation  substrate,  other  phospholipids,  particu¬ 
larly  PS,  were  oxidized  as  well.  This  suggests  that  spe¬ 
cific  peroxidation  mechanisms  triggered  early  after  CCI 
were  followed  by  nonspecific  random  pathways  at  later 
time  points. 

Although  lipid  peroxidation  has  been  long  associated 
with  brain  injury,^^’^^  its  specific  role  in  mediation  of 
damaging  pathways  and  signaling  cascades  is  not  well 
understood.  Recently,  signaling  functions  have  been  as¬ 
signed  to  specific  molecular  species  of  oxidized  phos- 
pholipids.^^’^^  We  reported  that  cytochrome  c-catalyzed 


CL  oxidation  products  (mostly  CL-hydroperoxides 
[CL-OOH])  accumulate  in  mitochondria  during  apo¬ 
ptosis,  where  they  play  a  critical  role  in  the  release  of 
proapoptotic  factors  into  the  cytosol. This  enzymatic 
oxidation  of  CL  might  explain  the  specific  early  accu¬ 
mulation  of  CL-OOH  after  injury.  Moreover,  CL  ox¬ 
idation  occurs  early  in  apoptosis  in  nonneuronal  cells 
preceding  cytochrome  c  release,  outer  mitochondrial 
membrane  permeabilization,  caspase  activation,  and  PS 
externalization.^^  In  a  separate  study,  we  established 
that  triggering  of  staurosporine-induced  apoptosis  in 
cortical  neurons  leads  to  an  early  and  selective  CL  ox¬ 
idation,  which  is  not  accompanied  by  oxidation  of 
other  more  abundant  phospholipids.^^  Based  on  these 
facts,  it  is  tempting  to  speculate  that  selective  CL  per¬ 
oxidation  early  after  CCI  reflects  an  initial  apoptotic 
event  in  brain  mitochondria.  It  is  unlikely  that  CL  ox¬ 
idation  originates  from  a  nonspecific  inflammatory  re- 
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Fig  4.  Comparison  of  the  abundance  of  major  phospholipid  (PL)  classes  with  their  oxidation.  Profiles  of  phospholipids  and  phospho¬ 
lipid  hydroperoxides  in  control  and  controlled  cortical  impact  ( CCI)  ipsilateral  cortical  P2  fractions.  Phospholipid  content  is  ex¬ 
pressed  as  percentage  of  total  phospholipids  and  shown  in  green  scale.  Phospholipid  hydroperoxides  are  presented  as  percentage  of 
phospholipid  (pmol  PL-OOH  per  nmol  of  phospholipid)  and  shown  in  purple  scale.  One  hundred  percent  corresponds  to  110  ± 
20pmol  of  phospholipid  hydroperoxide  per  nanomole  of  phospholipid.  Cardiolipin  (CL)  was  selectively  oxidized  at  3  hours  after 
CCL,  at  a  time  point  when  other  phospholipids  were  not  oxidized.  Phosphatidylserine  (PS),  phosphatidylethanolamine  (PE),  phos- 
phatidylinositol  (PL),  and  phosphatidylcholine  (PC)  were  oxidized  at  24  hours  after  CCL  together  with  CL.  Sph  =  sphingomyelin. 


sponse,  which  happens  much  later  after  CCI.^  Thus, 
the  early  CL  oxidation  occurs  in  resident  brain  cells, 
likely  in  mitochondria-rich  synaptic  and  dendritic  neu¬ 
ronal  projections.  Despite  accumulation  of  CL-OOH, 


we  were  not  able  to  detect  CCI-induced  depletion  of 
CL.  This  is  because  the  amounts  of  CL-OOH  formed 
represented  only  a  small  molar  fraction  of  total  CL. 
This  corroborates  the  role  of  oxidized  CL  as  an  intra- 
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Fig  5.  Characterization  of  cytochrome  c  (cyt  c)— catalyzed  peroxidation  of  tetralinoleyl-cardiolipin  (TLCL)  in  the  presence  of  Li 202- 
Quantitation  of  the  amounts  of  TLCL-hydroperoxides  by  fluorescence  HPLC-based  assay  (A).  Major  oxidation  products  were  identi¬ 
fied  by  ESL  mass  spectrometry  (MS)  (B).  Molecular  species  of  cardiolipin  (CL)  containing  1,  2,  3,  4,  and  5  hydroperoxy  groups 
were  generated  in  the  course  of  cyt  c— catalyzed  reaction,  in  addition,  several  hydroxy  and  hydroxy-hydroperoxy  derivatives  of  CL 
were  detected  by  MS  analysis. 
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Fig  6.  Analysis  of  cell  death  in  the  ipsilateral  cortex.  (A)  Terminal  deoxynucleotidyltransferase— mediated  dUTP  nick  end  labeling 
(TUNEL)— positive  cells  were  detected  in  the  ipsilateral  pericontusional  cortex  at  24  hours  after  controlled  cortical  impact  ( CCI) 
(arrows).  (B)  Activity  of  caspase-3/7,  measured  in  the  ipsilateral  (left)  cortical  tissue,  was  highest  at  24-hour  injury  corroborating 
the  histological  data,  (n  =  5/group;  mean  ±  standard  deviation;  ft  <  0.05  24-hour  CCI  vs  control  and  3-hour  CCI,  analysis  of 
variance). 
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Fig  7.  Assessment  of  oxidative  stress  and  mitochondrial  electron  transport  activity.  Significant  decrease  in  reduced  glutathione  ( GSH) 
(A)  and  ascorbate  (B)  levels  in  the  ipsilateral  cortical  homogenates  were  observed  at  24  hours  after  controlled  cortical  impact  ( CCI). 
(n  =  5/group;  mean  ±  standard  deviation  [SD];  ft  <  0.05  24-hour  CCI  vs  control  for  GSH  [analysis  of  variance]  and  ascorbate 
[t  test]).  Rotenone-sensitive  NADH:02  oxidoreductase  activity  was  decreased  in  the  ipsilateral  cortical  P2  fractions  at  3  hours  after 
CCI  versus  control,  (n  =  3/group;  mean  ±  SD;  ft  <  0.05  3-hour  CCI  vs  control,  t  test). 
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cellular  signaling  event  rather  than  a  random  phospho¬ 
lipid  oxidation  process. 

Based  on  apparent  loss  of  CL,  previous  work  has 
suggested  the  involvement  of  CL  oxidation  in  neuronal 
proapoptotic  responses  in  vitro.  Specificity  of 
nonyl  acridine  orange  used  in  the  studies  is  not  suffi¬ 
cient  to  accurately  link  changes  of  its  fluorescence  char¬ 
acteristics  with  alterations  of  CL  content  and/or  per¬ 
oxidation. Therefore,  direct  estimates  of  CL 
oxidation  are  necessary  to  prove  its  participation  in 
neuronal  apoptosis.  Because  CL  is  a  mitochondria- 
specific  phospholipid,  our  measurements  of  CL-OOH 
production  rather  than  CL  depletion  provide  an  un¬ 
equivocal  evidence  for  CL  oxidation  that  takes  place  in 
mitochondria.  Thus,  this  work  identifies  the  site  (mi¬ 
tochondria),  time  (3  hours),  and  molecular  species 
(^22:6)  of  peroxidation  after  TBI.  Finally,  impair¬ 
ment  of  mitochondrial  electron  transport  and  produc¬ 
tion  of  reactive  oxygen  species  are  prerequisites  for  CL 
oxidation.  In  line  with  this  we  found  that  mitochon¬ 
drial  electron  transport  (NADH  oxidase)  activity  was 
inhibited  coincidentally  with  CL  oxidation.  This  is 
consistent  with  our  previous  demonstration  that  CL 
oxidation  acts  as  a  switch  turning  off  participation  of 
cytochrome  c  in  mitochondrial  respiration  and  turning 
on  its  peroxidase  function.^^ 

Oxidations  of  Phosphatidylserine  and  Other 
Phospholipids:  How  Specific  Are  They? 

We  further  established  that  PS  ranked  second  on  the 
scale  of  CCI-driven  phospholipid  oxidation.  Again,  the 
molecular  species  with  C22:6  was  the  one  that  was  iden¬ 
tifiable  in  MS  as  having  PS-hydroperoxides  (PS- 
OOFi).  Although  we  do  not  have  direct  proof  for  PS 
oxidation  specifically  in  apoptotic  cells,  a  later  accumu¬ 
lation  of  PS-OOH  (24  hours)  corresponds  with  its 
known  role  as  a  signal  facilitating  PS  externalization  on 
the  surface  of  apoptotic  cells. This  interpretation  is 
also  supported  by  our  results  demonstrating  that 
caspase-3/7  activation  and  appearance  of  TUNEL- 
positive  cells  in  cortex  was  coincident  with  PS  oxida¬ 
tion.  Because  mitochondria  do  not  contain  PS,  oxida¬ 
tion  of  this  phospholipid  could  predominantly  occur  in 
synaptosomal  membranes,  further  confirming  the  po¬ 
tential  signaling  role  of  PS  oxidation  in  its  externaliza¬ 
tion. At  24  hours  after  CCI,  the  most  abundant 
phospholipids,  PC  and  PE,  also  underwent  oxidative 
modification.  It  is  possible  that  PC  oxidation  products 
act  as  signaling  molecules  as  well.^^ 

TBI  causes  an  increase  in  the  level  of  free  polyunsat¬ 
urated  fatty  acid,  particularly  DFiA,  in  injured  brain 
regions  most  likely  secondary  to  hydrolysis  of  phospho¬ 
lipids.^^  Phospholipase  A2  activity  increases  after 
TBI.^^  It  is  possible  that  oxidation  of  DHA  (C22:6)" 
containing  CL  and  PS  stimulates  their  hydrolysis  by 
phospholipase  A2.^^  However,  CL  is  not  a  likely  source 


for  DHA  accumulation  because  no  accumulation  of  ly- 
soCLs,  the  products  of  Phospholipase  A2-catalyzed  CL 
hydrolysis,  was  detected. 

Mitochondrial  Electron  Transport  Activity 
Impaired  brain  mitochondrial  function  is  seen  after 
both  experimental  and  clinical  head  injury.^’^^”^^  Mi¬ 
tochondrial  dysfunction  begins  early  and  may  persist 
for  days  after  injury.  A  recent  study  evaluated  the  time 
course  of  cortical  mitochondrial  dysfunction  in  adult 
mice  after  CCI  and  showed  concomitant  impairment 
in  mitochondrial  bioenergetics  with  accumulation  of 
oxidative  stress  marker  4-hydroxynonenal  as  an  index 
of  global  lipid  peroxidation.^^  Our  findings  expand  on 
these  observations  to  the  immature  brain  and  identify 
one  of  the  major  contributors  (CL-OOH)  to  overall 
lipid  peroxidation  and  mitochondrial  dysfunction  early 
after  injury. 

CL-OOH  may  represent  a  new  biomarker  of  oxida¬ 
tive  injury  possibly  associated  with  an  early  apoptotic 
stage  of  brain  damage.  Clearance  of  apoptotic  cells  in 
the  brain  is  mediated  by  oxidation  and  externalization 
of  Because  CL  oxidation  happens  before  per¬ 

oxidation  of  PS,  CL-OOH  assessments  are  not  likely 
to  be  masked  by  clearance  and  phagocytosis  of  apopto¬ 
tic  cells.  Further  developments  of  MS  analyses  can 
make  CL-OOH  evaluation  in  the  brain  feasible  with 
an  imaging  protocol. CL  oxidation  may  also  repre¬ 
sent  an  important  new  target  for  therapeutic  interven¬ 
tion.  As  a  selective  enzymatic  reaction,  CL  oxidation 
should  not  be  preventable  by  lipid  antioxidants. 
Rather,  specific  disrupters  of  cytochrome  c/CL  interac¬ 
tions  may  be  promising  candidates  for  this  purpose. 

We  chose  to  characterize  individual  molecular  spe¬ 
cies  of  major  phospholipids  and  their  oxidation  prod¬ 
ucts  after  TBI  in  immature  brain  rather  than  adult 
brain  for  several  reasons.  First,  trauma  is  the  leading 
cause  of  death  in  children,  and  severe  TBI  is  an  im¬ 
portant  contributor  to  this  mortality.  Studies  in  pedi¬ 
atric  TBI  models  represent  the  greatest  gap  in  the  lit¬ 
erature  as  delineated  by  the  recently  published 
guidelines  for  the  acute  medical  management  of  se¬ 
vere  TBI  in  infants,  children,  and  adolescents.^^  Sec¬ 
ond,  several  complex  and  interrelated  pathways  of 
programmed  cell  death,  both  caspase-dependent  and 
caspase-independent,  can  occur  after  TBI  in  the  de¬ 
veloping  brain. The  relative  contribution  of  each 
might  change  with  time  after  the  insult  and  develop¬ 
mental  stage  of  the  animal  as  it  has  been  shown  for 
postnatal  day  7  brain  versus  adult  brain  after  TBI.^^ 
Third,  greater  accumulation  of  phospholipid  hy¬ 
droperoxides  is  expected  in  immature  versus  adult 
brain  after  TBI  secondary  to  developmentally  low  ac¬ 
tivities  of  several  antioxidant  enzymes  including  GSH 
peroxidase. 

Although  this  study  focused  on  acute  brain  injury 
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caused  by  CCI,  it  is  possible  that  CL-OOH  accumu¬ 
lation  occurs  in  other  neurological  disorders  leading  to 
significant  apoptotic  cell  death.  Noteworthy,  the  ap¬ 
pearance  of  anti-phospholipid  antibodies  is  characteris¬ 
tic  of  a  number  of  autoimmune  diseases  predisposing 
to  or  associated  with  brain  injury. Recently,  it  has 
been  demonstrated  that  anti-CL  antibodies  recognize 
oxidized  CL  more  effectively  than  CL.^°  Direct  assess¬ 
ments  of  CL-OOH  and  its  interactions  with  anti¬ 
phospholipid  antibodies  may  open  a  new  avenue  in  un¬ 
derstanding  their  role  in  pathogenesis  of  central 
nervous  system  disorders. 

Conclusion 

Oxidative  lipidomics  is  a  new  and  exciting  tool  to 
study  phospholipid  oxidative  modifications  in  vivo. 
Using  this  technique,  we  established  that  CL,  specifi¬ 
cally  its  molecular  species  containing  is  selec¬ 

tively  oxidized  early  after  TBI,  whereas  more  abundant 
brain  phospholipids  remained  nonoxidized  at  this  time 
point.  Combined  with  our  previous  data,  we  speculate 
that  accumulation  of  CL  hydroperoxides  may  be  used 
as  a  biomarker  of  apoptosis  in  vivo  that  is  not  masked 
by  effective  clearance  of  apoptotic  cells  in  the  brain. 
Furthermore,  the  ability  to  selectively  modulate  CL  ox¬ 
idation,  a  critical  early  event  in  the  mechanism  of  ap¬ 
optosis,  could  lead  to  targeted  therapies  and  ultimately 
improve  outcome  after  brain  injury. 
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Introduction 

A  Critical  Problem  Begging 
for  New  Insight  and  New  Therapies 

We  dedicate  this  special  issue  of  the  Journal  of  Neurotrauma  to  the  men  and  women  of  the  United  States  military 
who  have  sacrificed  their  lives  to  defend  our  freedoms. 


IN  THIS  ISSUE  OF  THE  JOURNAL  OF  Neurotraum A,  we  are 
pleased  to  feature  eight  articles  focused  on  the  critical 
problem  of  blast-induced  traumatic  brain  injury  (TBI)  and 
polytrauma.  As  a  consequence  of  the  Iraq  war,  blast  injury  has 
reached  a  new  level  of  importance  due  to  the  high  numbers  of 
these  types  of  injuries  seen  in  our  warfighters,  and  includes  a 
wide  spectrum  of  them,  ranging  from  mild  to  severe.  The 
pathobiology  of  blast-induced  TBI  remains  poorly  understood, 
and  is  complicated  by  many  factors  such  as  repetitive  exposure 
and  superimposed  polytrauma.  In  the  combat  casualty  setting, 
severe  blast  injury  is  a  multi-system  disease  often  involving 
extracerebral  trauma,  such  as  extremity  injuries  and  bums. 
Blast  injury  is  also  emerging  as  a  potential  threat  in  civilian 
terrorism — such  as  that  seen  in  the  Madrid  bombing  in  2004 — 
where  combined  insults  such  as  blast-induced  lung  injury  and 
TBI  were  observed  (de  Ceballos  et  al.,  2005).  We  believe  that  the 
scope  of  articles  in  this  issue  appropriately  reflects  the  multi¬ 
system  nature  of  this  condition  in  its  most  severe  form. 

We  are  pleased  that  a  number  of  clinician-scientists  and 
scientists  working  in  this  area  have  contributed  either  original 
articles  or  focused  reviews.  This  issue  also  includes  a  com¬ 
prehensive  introductory  overview  on  the  topic  by  noted 
clinical  experts  Dr.  Geoff  Ling  his  and  co-authors  entitled 
''Explosive  Blast  Neurotrauma."  Dr.  Ling  is  the  program  of¬ 
ficer  overseeing  the  DARPA  (Defense  Advanced  Research 
Projects  Agency)  PREVENT  (Preventing  Violent  Explosive 
Neurotrauma)  blast  research  program,  which  is  focused  on 
blast-induced  TBI,  and  trying  to  shed  light  on  some  of  the 
many  mysteries  that  remain  to  be  elucidated  about  this  con¬ 
dition.  Dr.  Ling  and  his  team  provided  neurosurgical  and 
neurocritical  care  to  our  warfighters  in  Iraq,  and  thus  impart 
in  this  review  vital  first-hand  knowledge  to  the  research 
community  that  reads  Journal  of  Neurotrauma  about  this 
problem  as  it  is  currently  being  treated  in  theatre  in  Iraq  (Ling 
et  al.,  2009).  This  should  prove  to  be  an  extremely  important 
article  for  those  working  in  our  field.  We  must  link  the  field, 
the  bedside,  and  the  bench,  if  those  of  us  in  the  neurotrauma 
research  community  are  going  to  discover  the  answers  to  the 
many  questions  that  remain  in  this  field,  and  to  help  develop 
new  therapies  to  treat  this  condition.  The  importance  of  this 
guiding  principle  is  emphasized  by  Dr.  Joseph  Long  and  his 
colleagues  at  the  Walter  Reed  Army  Institute  of  Research  in  a 
report  entitled  "Blast  Overpressure  in  Rats:  Recreating  a 
Battlefield  Injury  in  the  Laboratory,"  which  shows  that  chest 


protection  can  be  an  important  determinant  of  the  severity  of 
air-blast  injury  to  the  rat  brain  (Long  et  al.,  2009). 

We  were  also  very  pleased  to  receive  manuscripts  addressing 
a  number  of  highly  relevant  topics  to  this  condition,  such  as  the 
seminal  characterization  of  a  model  of  blast-induced  TBI  in 
large  animals  by  Dr.  Richard  Bauman  and  his  colleagues  in  the 
PREVENT  program  titled  "An  Introductory  Characterization  of 
a  Combat-Casualty-Care  Relevant  Swine  Model  of  Closed 
Head  Injury  Resulting  from  Exposure  to  Explosive  Blast" 
(Bauman  et  al.,  2009).  This  group  is  currently  carrying  out 
critical  studies  of  this  problem  by  developing  a  unique  model 
of  munitions  blast  injury  in  swine,  focusing  on  biomechani¬ 
cal,  pathobiological,  neuropathological,  and  neurologic  conse¬ 
quences. 

Dr.  Svetlov  and  the  group  from  Banyan  Biomarkers,  Inc., 
have  provided  us  with  an  interesting  report  that  addresses 
the  important  interface  between  experimental  blast  TBI 
models  and  biomarkers  of  brain  injury  that  helps  provide 
further  insights  into  this  field  (Svetlov  et  al.,  2009).  We  also 
received  a  related  article  by  Dr.  Denes  Agoston  and  his 
group  at  the  Uniformed  Services  University  of  the  Health 
Sciences,  that  discusses  proteomic  applications  in  blast  and 
non-blast  TBI  with  a  special  focus  on  edema,  inflammation, 
and  neuronal  death  cascades  (Agoston  et  al.,  2009).  Reviews 
are  also  included  from  Dr.  YungChia  Chen  and  colleagues 
on  the  utility  of  in-vitro  systems  to  study  blast-induced  TBI 
(Chen  et  al.,  2009),  and  from  Drs.  Douglas  DeWitt  and  Do¬ 
nald  Trough  on  experimental  models  of  combined  TBI  plus 
secondary  insults  (DeWitt  and  Trough,  2009).  These  inves¬ 
tigators  are  experts  in  their  respective  areas,  and  their  articles 
address  aspects  of  blast-induced  TBI  that  are  extremely  rel¬ 
evant  to  those  who  work  in  our  field.  How  to  model  blast 
injury  in  vitro  is  an  important  question,  and  polytrauma  and 
secondary  insults  are  so  common  in  this  condition  that  the 
neurotrauma  research  community  must  learn  more  about 
the  impact  of  these  insults,  both  on  primary  injury,  and  on 
the  evolution  of  secondary  damage  (Okie,  2005;  Gawande, 
2004;  Aschkenasy-Steuer  et  al.,  2005;  de  Ceballos  et  al.,  2005). 
Pinally,  here  you  will  find  a  description  of  a  new  model  of 
combined  TBI  and  hemorrhagic  shock  in  mice  that  will  allow 
the  future  use  of  mutant  mice  in  experiments  to  help  examine 
some  of  the  putative  mechanisms  of  secondary  damage, 
neuroprotection,  and  repair  in  these  types  of  combined  in¬ 
sults  (Dennis  et  al.,  2009),  as  heretofore  such  investigations 
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have  largely  focused  on  optimizing  fluid  resuscitation  in 
large  animal  models. 

There  have  been  several  recent  reviews  and  seminal  reports 
on  blast-induced  TBI  that  have  addressed  various  aspects 
of  this  condition  (Bhattacharjee,  2008;  Hoge  et  al,  2008; 
Armonda  et  al.,  2006;  Okie,  2005;  Gawande,  2004;  Aschkenasy- 
Steuer  et  al.,  2005;  de  Ceballos  et  al.,  2005;  Dennis  and 
Kochanek,  2007),  but  many  questions  remain  to  be  answered. 
For  example,  does  blast-induced  TBI  differ  from  the  spectrum 
of  injuries  seen  in  conventional  civilian  TBI?  What  experi¬ 
mental  models  of  blast  injury  are  best  to  study  the  human 
condition?  Similarly,  how  accurately  do  our  established  TBI 
models  such  as  controlled  cortical  impact  or  fluid  percussion 
model  blast-induced  TBI  in  humans,  and  what  are  their 
shortcomings?  What  is  the  best  way  to  test  the  different  ther¬ 
apies  for  blast-induced  TBI?  What  are  the  optimal  approaches 
to  mild  versus  severe  blast-induced  TBI,  or  single  versus  re¬ 
petitive  exposures?  In  this  context,  new  knowledge  about 
blast-induced  TBI  may  allow  us  re-examine  current  treatments 
for  conventional  civilian  TBI  in  a  new  light.  For  example,  have 
we  underestimated  the  role  of  vasospasm  in  conventional  ci¬ 
vilian  TBI,  based  on  the  findings  recently  reported  by  Ar¬ 
monda  and  associates  (2006)  for  blast-induced  TBI?  We  believe 
the  articles  in  this  issue  will  help  to  build  upon  the  seminal 
initial  reports  and  reviews,  and  wiU  provide  new  insights  and 
stimulate  new  avenues  of  investigation  into  this  crucial  area  of 
treating  our  warfighters,  as  well  as  the  civilian  population. 

We  also  thank  Drs.  Claudia  Robertson,  Douglas  DeWitt, 
Samuel  Tisherman,  and  Hiilya  Bayir  for  the  helpful  sugges¬ 
tions  they  made  during  the  preparation  of  this  issue.  Finally, 
I  know  that  we  speak  for  all  of  the  authors  whose  work  ap¬ 
pears  here  in  thanking  Dr.  John  Povlishock,  Editor-in-Chief, 
for  giving  us  the  opportunity  to  assemble  this  superb  collec¬ 
tion  of  articles  for  Journal  of  Neurotrauma. 

Finally,  in  this  issue.  Dr.  Povlishock  has  also  included  a 
special  article  on  combination  therapies  for  TBI  authored  by 
Drs.  Susan  Margulies,  Ramona  Hicks,  and  the  Combination 
Therapies  for  TBI  Workshop  Leaders.  This  important  article 
identifies  key  objectives  and  recommendations  for  the  ulti¬ 
mate  development  of  combination  therapeutic  approaches  for 
TBI,  a  strategy  that  is  likely  to  be  critical  to  success  in  the  many 
complexities  addressing  this  condition. 
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CORTK’AI,  spreading  DEPRESSION  AFTER  TRAUMATIC  AND  PENE- 
I  KATING  INJUH'S  TO  THE  HUMAN  BR.AIN 

Jvd  Hai1n}its‘.  M.  Ro.is  Bulfocl".  Mtirtin  habricms^  Robin  hJiadn’.  Jens  Dri-iL'r\  f'nnik 
forii'llfd.  Aii}han\'  Si  rang  ' 

'W’oher  Refd  Aniiy  In.uinue  of  Rfsetirch,  Sihfr  Spring,  L’niud  States,  -^'iiginin  Cnin- 
nioiiweahh  Universiiy.  Riohn'Onii.  Unhoti  Slairs,  'Glosirnp  Haspiial.  Cfiprnhngrn.  Orn 
mark.  ''King  s  CoUegf  Hospital.  Loiiilon.  UnirrJ  Ki/igJoin.  'C/ianir  td/iwrsii’^'  Midt- 
i.nif.  Berlin.  Gei-iiulny 

Introduction:  Cortical  'spreading  dcprrs>:ion  (CSD)  is  a  propagating  wave  of  tissue  dc* 
polari/iUion  (hut,  causes  protoond  changes  in  ccDulur  u  otcr  uneJ  loii  distributions,  cere¬ 
bral  blood  l1o\v  and  metabolism,  and  B6B  permi‘abilily,  iind  rx^presonts  a  pulentiul 
Mlcnt'  cause  of  secondary  deterioration.  In  an  ongoing  cooperative  study,  we  invcsLi- 
gnto  1 1  rhuraeien sides  and  mciricncc  of  C.SD  after  Ljomnaiie  brain  injury.  2i  the  pathf»- 
physioJogte  significance  of  CSD.  and  tdCtors  irtriuenelng  n>  occurrence,  Methods. 
Electrode  strips  wcitc  ploccd  subduraUy  in  23  patients  with  GCS  3-14  irncilian:  7)  who 
received  erunioioniy  lor  ircatmcnt  oi  brain  mjur\'  in  "  3  motor  vehicle  iiceideni.  7  fall. 
6  assanll.  7  gundwtl,  tlceirocorlicographic  (ECoG'l  recordings  were'  made  m  lour  bipo- 
laj  channels  loi  3,1  (2.2.  4.1)  days  (median;  l’\  3'^  quarlile).  bcguLrime  (t,*)  lO  3.  1.4) 
days  after  injiLiy',  and  analyzed  as  in  Fabneus  ct  ai,  (Brain  !29.  790,  2(X36|  Pa- 

ijcnis  were  scdaicd  ajid  adtntnisrcred  phenytoin  prophylaetically.  RcsuIlv  In  1-1/23  pa¬ 
tients  (61^),  a  lotul  of  130  CSLis  occurred  at  a  frecjucncy  of  3.0  fl.^.  4.6)  events  per 
day.  The  liming  of  CSDs  showed  a  btphasie  U-shaped  distribuuon.  wiih  peak  incidence 
during  live  first  and  sc'vcnUi  day  pU'ji-iujury.  The  speed  of  CSD  propagation  Lhixuigh 
tcrohral  cortex  was  2.4  (1.2,  .t.O)  mnt/miii  and  imxitnuin  depression  ol  0.!’-70  H/.  ECoG 
activity  during  CSD  was  66*17  (56.  76).  Depression  lasted  5  9  (4  5.  8,9)  min  for  single 
CSDs  and  was  often  longer  on  channels  closest  to  the  injury .  Total  depressed  periods 
represcnied  up  to  10^7  of  indjviduul  recordings.  Two  patients  hud  recurrent  CSDs,  ev¬ 
idenced  by  propugaung  changes  in  near- DC  slow  potentials,  m  ulherwisc  clccirienlly 
silcjii  tissue  that  corresponded  to  hypodcnsiiy  on  CT  scans,  Pauenis  with  purcnchymiJ 
damage  or  intracerebral  heryjorrhage  had  a  greater  hkclihiKid  (12/16.  75'^)  of  exhibit¬ 
ing  CSD  than  tho.se  with  diffuse  swelling  or  sub-dural  hemorrhage  only  (2/7,  29'jt;  p  -■ 
0  06).  GCS  at  admittance  was  positively  correlated  with  CSD  mte  iR^  =-  0.21:  p 
0,03).  but  there  was  no  effect  of  age.  sedative  (morphine,  propofol,  midazolam),  or 
cause  oi  injury  on  incidence  Di.sciission'  With  the  liirulcd  spalial  sampling  and  record¬ 
ing  durations  used  here,  a  01^  incidence  of  CSD  suggesb'  lhat  tiansiciU,  sponlanctuis 
iissue  depolarizations  arc  e.viremcly  common  after  traumatic  bram  tnjury  and  may  ap¬ 
proach  ubiquity  if  panicoJar  pathologies  are  present,  CSD  with  electricul  silence  or  pro¬ 
longed  (fCoG  depression  might  serve  ns  nwker  of  pixigressive  isv  hemiu  m  injuiy  penum¬ 
bra  and  represents  a  potential  largci  or  indicator  for  therapy. 
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EXACERBA  IlON  OF  NELRONAl.  INJURY  liV  HEMORRHACIC  SHOCK  AF¬ 
TER  MILD  CONI  ROLLED  CORTICAL  IMP  A  Cl  IN  MICE 

iMitt  Marie  Dciinisk  l/fjicc  Vngni-,  A.V/7  Jaiit  sko-f'elJ/nnid.  Robert  S.B.  Clark^  Lnrr\ 
Jenkiiis^.  C.  tJKarti  Oi.ron  ‘.  Hnlya  Davirk  Paiiick  M.  Koebntu  k' 

^ DeprirJmeni  of  Crincal  Cart  Afttiicint,  i'ni\  tr.^ij\  oj  P'msburglu  Piusbnrgh,  UniieJ 
States.  -Sajar  Center  for  Rrsust  nation  Reiearth.  Pimbnrgh  United  States.  'Bram 
1  rat  ini  a  Res  torch  C/'iiler.  Untrcisity  of  Pittsburgh.  Pittsburgh.  Uni  ted  States 

Blast  injurv  fmm  improvised  explosive  devices  (lEDsi  results  in  a  spectrum  of  TBI 
seventies  often  aceompnntcd  by  shock  from  hemorrhage,  cxiruecrcbrul  muirnii,  and/or 
burn>.  This  mechani.vm  of  injury  has  become  a  critical  aspect  of  intliiarv-  und  civilian 
trauma  from  terrorist  atlack.s  (1).  Despite  nmny  studies,  of  secondary  injury  using  hy¬ 
poxemia  alter  TBI  in  rodent  models,  lew-  studies  have  mvcsiigaa'd  the  clJecl  of  hem¬ 
orrhagic  shock  (HS)  on  neuronal  death  alter  cxpenincnial  TBf.  no  such  studies  have 
been  earned  out  in  mice 

HYPOI'HESIS:  We  hypothesized  that  cortical  damage  aXtei  mild  conii oiled  corucal  im¬ 
pact  tCCl)  v-ould  be  markedly  e.xacerboted  by  a  level  of  HS  thiii  otherwise  produs'Cs 
DO  cerebral  eon-cquenees  (2j. 

ME  THODS:  C.'>71iL6J  male  niite  were  ancslhelizcd  with  1^  isotluranc.  biain  lenipcr- 
aiurf  and  mean  artcnal  blood  pressure  (M.AP)  were  moniiorcd,  and  mild  CCI  1 3  m/see, 
0.5mm)  wjs  delivered  fotlosvcd  by  either  continued  anesthesia  for  90  min  (mild  CCI 
only)  or  60  min  uf  volume  ctmirolled  IIS  (2.3cc'/lOOg  MithdrauaJ)  (nuSd  CCH  IlSi,  In 
the  mild  CCI  HS  group,  6^  hetasiarch  (die  standard  US  niiliuin'  resuscitation  fluid i 
was  infused  to  restore  MAP  of  60  icutiHg  for  30  nun.  numickiog  field  resuscitation  und 
evacuation  This  was  followed  by  rc-infusion  of  shed  Wood  und  normalization  of  he¬ 
modynamics,  approximating  hospitaJ  resuscitation  Mice  were  suenficed  at  24  h  and 
neuronal  damage  m  eortc.x  wui  assessed  with  TUNEL, 

RESULTS;  HS  produced  a  MAP  ol  41 ,73  -r/—  8.15  mmHg  m  the  mild  CCI  +  I  IS  group, 
while  MAP  was  90.0  +/“  2.29  mmllg  m  Ihe  mild  CCI  only  group.  Our  preliminary 
results  reveal  that  neuronal  injury  was  --  two-fold  greater  in  cortex  in  mild  CCI  i  HS 
versus  mild  CCJ  alone  (282  +/-  55  vs  126  +/—  154  TUNEL  posiiive  neurons,  re¬ 
spectively), 

CONCLUSIONS:  Despite  using  q  very  mild  CCI  and  a  level  (T  HS  thut  produces  no 
neuronal  injury  in  normal  brain,  we  obscri'cd  a  marked  exacerbation  ol  ncnroDal  injur y 
in  die  combtiied  in.suh.  This  suggesLs  a  critical  Deed  lo  deiliiL'  optimal  lluid  and  neuro- 
pmtective  resuseitanon  strategies  in  the  scinng  ol  Mast  miury'  and  other  lonns  or  TBI 
accompanied  by  HS, 

Guwnodc,  NPJM.  20<)4:  2.  Ciirrillo  ei  al.  J  Trauma.  1998. 

Support;  NS380H7,  NS303I8 
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THE  NITRIC  OXIDE  DONOR,  NOC-ll,  ENILVNCED  CAP  JUNCTION 
COMMUNICATION  BETWEEN  VASCULAR  SMOOTH  MUSCLE 
CELLS  IN  VITRO 

DS  DeWiii-.  e  x  Yuk  OS  Prouglr,  MA  Por.slty-,  Hi  HeUmich- 
*  Wayne  State  Urthemuy  School  of  KledU  ine,  Detroit.  United  Slates.  ^Universiry 
of  Texas  Medical  Branch.  Galveston.  United  States 

Introduclion:  Gap  junctions  (GJ)  coniribuic  to  vasodilation  and  Viisoconslncti on 
and.  perhaps,  to  cerebral  vascular  regulatory  mechanisms  such  as  auiorcgulaiion 
fl-3).  Nitric  oxide  (NO)  is  a  potent  systemic  and  cerebral  vasodilator.  We  ex¬ 
plored  the  cflceis  of  the  NO  donor,  NOC-17,  on  GJ  between  smooth  muscle  in 
vtlro. 

Methods:  Rat  vascular  smooth  muscle  eel  Is  (A7r5,  ATCC)  were  maintained  in 
tissue  culture  flasks  in  DMEM  supplemented  with  10%  fetal  bovine  scrum  and 
I  runs  I  erred  to  collagen -coated  Ilex  pbtes  (Flexccll  fnicmalional)  Cells  were  ex¬ 
posed  to  10/lM  or  lOOjiM  NOC-12  30  minutes  before  GJ  communicaiion  was 
assayed  using  flttoresccnee  recovery  after  phoiobleaching  (FRAPlfd).  Cells  were 
loaded  with  S-carboxylluorcsccin  diacetalc  and  intracellular  nuorcsccnce  was 
monitored  using  con  focal  lluoresccnce  nnicroseopy  (Zeiss  LSMSiO).  1'RAP  was 
expiesseJ  as  percent  of  baseline  tluorcstcncc. 

Results:  FRAP  was  17,7%  of  baseline  in  (he  untreated  group.  Treatment  with 
lO^iM  or  lOOjuM  NOC-12  increased  FRAP  to  37,0%  or  37.5%,  respectively  (p 
0.01  Vs  untreated  group). 

Discussion:  Our  re.sull,s  of  NO-mediated  incrcase.s  in  CJ  coupling  suggest  that 
NO  plays  a  role  in  the  regulation  of  intercellular  coupling  in  vascular  smooth 
museie  cells.  NO  increased  briefly  and  dien  decreased  significantly  and  the  NOS 
substrate  L-urgimne  in^provcxl  CBF  and  vasodilalorv'  responses  to  hypercapnia 
aiLtr  traumatic  brain  injury'  (TBI)  f5-7).  suggesting  ilut  TBI  decreases  CBF  and 
itnpairs  vasodilation  by  reducing  NO  synthesis  or  inactivating  NO.  Our  results 
that  TBI  impaired  CJ  communication  between  va.scular  smooth  muscle  cells  (8) 
and  that  NOC-i7  significantly  increased  GJ  cotumunicalion.  suggest  dial  trauma- 
induced  reductions  in  NO  lead  To  reduced  GJ  coupling  that  contribuies  to  ceix*- 
bral  hypoperfusion  and  impaired  cerebral  vascular  reactivity  after  TBI.  I.  Stroke 
:00,3:,34:544;  2.  AJP  1989;256:H838;  3  AJP  2002 :283:H2 177;  4.  Nal  Neurosci 
1908:1:494;  5  J  Ncurophysiol  2000:83,  2171:  6.  J  Ncujolriiunia  1997  14-  223; 
7,  J  CBF  &  M  2000;  20:820:  8.  Ancs  2005;  103  A 166 
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EFHt.CT  OH  HEMORRHAGIC  SHOCK  ON  CEREBRAL 
BLOOD  FLOW  IN  EXPERIMENTAL  TRAUMATIC  BRAIN 
INJURY:  MAGNETIC  RESONANCE  IMAGING  ASSESSMENT. 

Aha  iXnms,  |o!in  A  Mclick.  I  airy  NX'  ^^;nkill^,  RoHcn  S  C  lark,  Parrick  M 

KiHhaiHl;,  (  iitu:al  ("arc  -Medicine,  Univcr^iry  of  l^trslxirgli,  Pitr>l>nigh,  PA; 
fx>]ey  M  I'olty,  1,  K  Hicehcne,  C'liitir  Ho,  Pitrsl>urgli  NMf\  Cancer  for 
PinmediLal  Research,  f  larnegic  Mtllon  Lnn  ersity,  PiirslMii  i^li,  I'A 

Incnidiicuon:  Hemorrhagic  slio^^k  (MS)  worsens  ourcoine  altci  tiau marie  hiain 
injuiv  ri  HI).  Conrroversy  remains  regarding  idc'al  pre-hospiral  Hood  pressure 
and  doirf  re.suscir-rrion  srraregies  for  eamihlntd  TBl  anel  HS,  PtrluMOii  MagJieuc 
Reson-ince  Iniagiiig  (MRil  usij’ig  arrerial  spirt-laheling  is  an  arrratrive  nierhod  re> 
serially  assess  rhe  cfTecr  of  HS  and  rcsuseitarion  after  expei  inrcmal  I’ll  I, 
Hypothesis:  Cierehral  hypoperfusion  after  controlled  conical  impact  (CCif)  is 
ev-Keiiiaietl  by  a  level  ofHS  rhar  m  her  wise  has  no  effect  on  ( iPh,  Methods:  X1ale 
6  mice  (n-13).  ,oiesrhcU/e<l  with  isofloranc,  undevvvenr  CXA  (^m/sec,  1  d> 
mnij  Jidlowcd  by  6^'  min  of  voUi  lot -control  led  HS  {2.nrnl/ 1  OOg}  fCdd-rHSk  nr 
vomiiuied  ancstlK.Aia  (CXd  ahmc).  Naive  and  HS  gmops  were  also  siudied.  In 
<.i  >HHS  and  HS  alone,  mice  were  lesnscirarcd  with  herasrarcli  for  min  (pre¬ 
hospital)  folltvwed  by  reiiirn  of  shed  blood  for  6tJ  iniirklefimrive  tarej.  Serial 
coronal  MRI  CBb  images  ihrough  the  injury  were  obiaiiKd  at  A  ^  fesla  during 
HS,  pie-ho*'['*iial  ,ind  deimiiive  eare  pha'ie>.  CiBf'  was  ciuaMtified  m 
rnl/ 1  OOg/min,  Results:  MABP  dccrca'scd  from  102,7  [nmHg±3,0  ro  ^  I -7+-'i  aj 
vliuing  HS,  -ind  rccovcieJ  to  ’5. '-'±0.2  after  dehniiive  care  (horh  p-^O  tiS  vs  base- 
line).  During  all  phrews  after  I’BI,  CBP  ipsi lateral  to  C'C’I  was  reduced  in 
(  CUHS  and  rCf  alone  groups  v,s  naive  f7<)tl/-i.  )  |  !^±  I  S  vs  201+5  p<(),05). 
CilM  wa.'i.  nor  lediiectl  by  HS  alojic  (216±2S,NS).  Stuprisingjy,  coiuralafcral  ro 
injury,  CfJ  rHS  produced  a  marked  decrea>e  in  CBP  vs  all  orJicr  groups  tluring 
HS  fV/CHHs  1I8±I<)  vs  HS  203±5,  CC]  182±H,  naive  2rill,  pcff05). 
lUwviseiiation  did  nor  lotoie  C.iBf'  ro  connol  levels  ipsi lateral  to  injury. 
(Conclusions:  (2(  .1  with  or  without  HS  resuhs  in  a  local  CBk  rediiciion.  HS  .ifrer 
CXJ  products  a  global  (  Bl  reduction  suggesting  a  thffu.w  autoregulatitui 
imp, hi  mem.  Our  model  and  MRI  application  provides  pnweiful  cool  to  snulv 
novel  appuciclics  to  opriinal  CB}-  resusciiaiion  after  TBi.  Suppeut  US  Armv 
PRO 5 1/55  VX'KLWHn6)0247 
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MYOCARDIAL  POTASSIUM  CHANNEL  REMODELING:  A 
CANDIDATE  MECHANISM  FOR  SUDDEN  DEATH  IN 
EPILEPSY. 

Sliira  I  Cjcrt/..  Joaquin  N  I.ugo,  Anne  B  Anderion,  IV'diarrici.  Baylov  Oil  lege  of 
Medicine,  Houston,  I'X:  Sarah  P  Willis,  [,.  Porbes  Bamvvelh  Neurology.  Baylor 
College  of  .Medicine,  Pfoteston,  TX 

Introduction:  Potassium  (K+)  channels  play  a  critical  role  in  tlic  regulation  of 
excitabiluy.  We  preVMusly  have  show  ti  .m  .ictiviiy-dependciu  decrease  in  levels  of 
the  K■^  channel.  Rv4.2  in  hr.iin  from  cpilepric  rats.  Ks'4.2  channels  legnl.atc  neu¬ 
ronal  cycit.ibility  through  dampening  aciiois  potential  anipliuKlc  posrsynapiical- 
)y;  ilnis,  a  dow'n regulation  of  Kv/i.Z  is  expected  to  increase  excit ability,  Kv4.2 
t.lumneJs  also  regulare  rhe  duration  of  the  myocyae  .iction  poicnti.il  in  rodents. 
Remodeling  of  lodenr  myocardial  Kv4.2  thjnncK  following sei/.ure.s  has  not  pre¬ 
viously  been  evaluated  Hypothesis:  Phe  studies  prcseiucd  here  rest  the  In^oihe- 
.^eii  that  there  iv  .i  dtnvn regulation  ol  myocardial  Kv'4.2  chauiiels  in  epilepuc 
rodents  and  that  Kv-'4.2  deficiency  is  associated  w-iih  incre.ised  scnsiiiviry  m  con- 
vubanr  ^timuI,^tlon,  Methods:  Western  him  ting  with  a  Kv4,2  atuibody  wav  pei  - 
f<j|  tned  using  myocardial  membranes  prep.ired  from  epileptic  rars  and  sham  cmi- 
tiol-S-  Coivwibanr  stimuLitlon  was  performed  in  Kv4.2  knockout  .mj  wildrypt 
liircirn.ue  mice  and  the  time  to  onset  of  sci/ures  ,insl  stattis  epitepricus  w,n 
in.scsscd.  Results:  Myosardiat  Kv4.2  levels  were  dccre.ised  iii  epileptic  comparetl 
TO  sham  control  .mini.ds  (p<f),05;  n  =  3).  As  expected  Kv4  2  knockout  mice  h,n  e 
a  decreased  larcney  ro  first  .seizure  and  stains  epilepncu.s  eomp.ued  to  waldtype 
mice  (pe0,05).  Surprisingly,  wc  abo  observed  that  ItfO'J'o  ofknockout  mice  (n  =  6) 
.md  only  24%  of  wljdn  pe  mice  dicrl  m  respori-se  ro  tonvulsaiu  .stimnki' 

fu>n.  (Conclusions;  Oiii  findings  sugge.st  that  there  is  activin'-depenclent  remod¬ 
eling  th  Kv4.2  channels  in  both  hipptKamptis  ,nid  myocardium  in  a  rodeuv 
juotlcl  ol  epilepsy.  I  tudicrmtirc,  our  studies  reveal  chat  Kv4.2  deficiency  is  asso- 
via  ted  with  a  lower  .wieuie  direshold  and  increased  risk  for  sudden  death  with 
voiiviik.ini  suiTUil.nion.  Piese  fuulmgs  suppoir  rhe  possihiliry  that  ion  ch.innel 
lemrvdeling  occurs  in  epilepsy  and  may  be  a  risk  factoi  contributing  to  sudden 
death  in  cpiiejssy  Supported  by:  NIH.NINDS  and  Partnership  for  Pediatric 
I'.pilcpsy  Re.sc.itch 


GENDER-  AND  CELL  COMPARLMEN’r- DEPEN  DENT  POLY- 
AD  P-R I BOSYLATI  ON  AFTER  TRAUMATIC  BRAIN  INJURY  IN 
JUVENILE  RATS. 

Craig  M  Smith,  Yarning  C!hetu  (^Ihristiua  D  M.arco,  Henry  A  AlevaiKkr,  l  .ari y  \X 
jctikin.^,  Patriek  M  Kochaiuk,  Robert  S  (dark.  Critical  Caie  Medicine, 
University  of  Pittslrurgh,  Pittsburgh,  IW 

IniToduction:  liaunranc  brain  injury  (  PBfl  is  a  leadingc.uise  of  morlridny  and  mtn- 
tality  ill  children,  t'.ncigy  failure  and  apoptosis  are  iinponant  contributors  lo  sec- 
oiid.irv  brain  Injury  anil  both  may  be  mediatid  by  over  act  h  ation  of  die  iibitjuitnus 
en/ynie  polyCADP-tihose)  polymerase  (PARP).  Inhibition  of  PARP  genet ic,dly  or 
pharmacoiogically  improves  outcome  in  multiple  niodel.s  of  PBI.  bun  her,  a  lole  foi 
both  tuiclcur  ,ind  mirochfmilrial  PA[kl‘  has  been  impliciied  in  neuron-il  death  (I  Biol 
t  ihem  2l)03;2'78;  lS42b-33).  .urd  this  eftea  may  be  gender  dependent  ( |  Neurochern 
lOCHi'JO:  1068-75).  H)porhe,si,s:  Organelle-  ,ind  gcndei-s[>ccific  expr<.*sMon  of  poly 
(A DP- ribosc)ll^\Rl -modified  proteins  (a  .surrogate  biomarkcr  of  fV\RP  acTw.mon) 
will  he  i,)bssrM.d  in  brain  in  povtuat.d  day  (PND'I  17  rats  after  fB],  Methods: 
Anestheii/cxl  PND  1^  nuile  .uid  fcm.rlt  i-acs  were  subjected  to  controlled  corT:c;tl 
itnp.ict  (C ’(  I)  to  the  left  parietrl  cortex.  Rits  were  killexl  ar  24  .and  48  h.  naive  rar> 
were  used  as  coiumh  (I’l^.Vgroup).  Injua'd  cortex  and  Ihppocampu.s  vs’cie  renrovt'd 
and  separated  into  nnckaitn'l-,  mitochondrial(m)-  .and  cytost'kc)-  cnriclud  protL-.m 
fractions.  PAR-iuodined  proteins  were  idei  nihed  using  XXcsiern  Blots  and  semiquan 
fihed  by  dcnslrtanetiy.  Results:  After  CCf.  n-PAR  was  inaeascti  only  in  males 
(‘Pdl.OS  vs.  conrro!,  05  is.  females.  2  wvay  ANt  )VA).  m-PAR  and  c- PAR  were 
increased  in  Isoth  genders  after  ( ICI;  m-)’AR  clev.ition  vwes  susonned  to  48h  in  males 
only  pP<0,05  es.  control,  ^'INO.OS  vs.,  females).  Conclusions;  f‘AR- modified  pro¬ 
teins  am  iuervased  in  ags  uder-  ,ind  cell  compartmenr-specifk  matinci  after  J  BI.  sug- 
ge.sttngrhat  males  may  beiicfu  more  from  PARP  inhibition  vs.  females,  f'urrher  srudy 
is  warranted  to  detennine  if  thc'effecLs  id  PARP  inliibitors  on  neuroHgieal  outcome 
arc  gendei -defvendent,  ."support;  NS.58620/HD40686/NS.30.H  8 
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METABOLIC  BENEFITS  OF  SURFACE  COUNTERWARMING 
DURING  THERAPEUTIC  TEMPERATURE  MODULATION. 

Nocraj  Badiatia,  M.  Bukrago,  A.  Fernandez,  D.  Palestrant,  A  Parra,  S.  A  Mayer, 
Neurology,  Columbia  University  College  of  Physicians  and  Surgeons,  New  York, 
NY;  E.  Strongilis,  Nutrition,  Columbia  University  Medical  C2enrer,  New  York, 
NY 

Introduaion;  Therapeutic  temperature  modulation  (TTM)  in  brain  injured 
patients  commonly  results  in  shivering,  which  is  associated  with  increases  in  oxy¬ 
gen  consumption  (V02)  and  resting  energy  expenditure  (REE),  Trearment  of 
shivering  with  sedatives  is  associated  with  adverse  effects  and  non- pharmacolog¬ 
ical  interventions  to  treat  shivering  are  desired.  Hypothesis:  Surface  counter 
warming  (CW)  with  an  air  circulation  blanket  set  at  42  C  can  provide  beneficial 
control  of  shivering  and  improve  the  metabolic  profile  during  TTM  in  brain 
injured  patients.  Methods:  Ventilated  brain  injured  patients  undergoing  TTM 
with  automated  surface  and  intravascular  devices  were  prospectively  studied  with 
continuous  indirect  calorimetry  (IC).  All  were  administered  buspirone,  aceta¬ 
minophen,  and  CW  during  TTM.  IC  was  performed  with  >=  10  min  with  CW, 
>=10  minutes  ofTT  CW,  and  >=J  0  min  with  return  of  CW.  Shivering  severity  dur¬ 
ing  IC  was  scored  using  the  Bedside  Shivering  Assessment  Scale  (BSAS).  REE, 
V02,  and  carbon  dioxide  produalon  (VC02)  were  determined  by  IC,  Expected 
energy  expenditure  (EE)  was  calculated  using  the  Harris  -  Bcnedia  Equation. 
Hypermetabolic  index  (HMl)  was  calculated  from  the  ratio  of  REE  to  EE. 
Results;  45  1C  tests  were  performed  in  30  patients  between  January  -  July  2006. 
59%  were  women,  with  mean  age  61  ■*-/-  13  years  and  body  mass  index  (BMI) 
of  26,4  +/-  4.1.  During  71  %  of  IC  tests  patients  had  signs  of  shivering  (BSAS 
>0.  n  =  32),  REE  (2233.7  +/-  997  v.  2507.9  +/-  1303,5  kcal/24h,  P  <  0.001), 
V02  (339-5  +/-  155.5  v.  379.5  +/-  203.5  mL/min,  PeO.OOl),  VC02  (222.9  +/- 
94.5  V.  250.5  +f-  120.4  mL/min,  P<0.001).  and  HMl  (1.53  0,6  v.  1.71  +/- 

0.7,  P<0.001)  all  increased  with  removal  of  CW.  89%  of  patients  had  >  1  point 
increase  in  BSAS  without  CW.  Return  of  CW  was  associated  with  a  reversal  in 
the  increases  in  REE,  V02,  VC02,  and  BSAS.  Conclusions:  Surface  counter 
warming  provides  beneficial  control  of  shivering  and  improves  the  metabolic 
profile  in  patients  undergoing  TTM. 
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KFFECr  OF  HEMORRHAGIC  SHOCK  ON  NEURONAL 
DEATH  AFFER  FA  PER  I  MENTAL  TRAUMATIC  BRAIN  INJURY 
IN  MICE. 

\1.  1  f  lasclkoni.  Alin  Marie  Dennis.  Vintcni  V.igivi,  Kcri  JniKsko-rcklni.in, 
Jlobcit  S  (Jhirk,  Unry  W  jLiikins.  C.  E  Divon,  l^urick  M  Kochanck,  Liicica! 
<.!arc  Medicine.  UnivcrMcy  ol  PituhurgJ^.  J'ittsbuigli,  PA 

Inrroducrion;  Traumatic  brain  injnry  ( 1  IM)  icsulrii^g  frnm  Idasi  injury  is  ohvn 
convplic.ircd  by  licmorrliagic  shock  (HS)  in  eicrims  of  (crrorisr  attacks  with 
improvised  cxplo.sjvc  devices.  Most  studies  ot  HS  aPer  evperi  nun  till  1  PI  have 
foeiiset!  un  iiuraeT.rni'il  )srcs.surL-  few  have  explored  the  effect  of  HS  oi\  neuronal 
dentil  afcei  I  Pf  and  irone  have  been  done  in  mice.  H^^iothcsis-  Neurotial  deatl^ 
ii\  hippocantpus  is  exacerbaretl  bv  1  IS  after  cxpei imcnral  I  Bf  iti  niiee.  Methods; 
t  !S7BL6J  m.ile  miee  (n-l6)  wc-re  ancstheti/ed  wirh  isofliuane.  Inaiii  reniperature 
and  mean  arterial  blood  prevstiie  (MAP)  were  monirored,  .iiid  eoiUTollcd  corti- 
c.d  impact  ((X'[)  (S  m/seCy  I  rnm  depth')  was  delis'ered  followcil  hy  cirhei  con^ 
tinued  anesthesia  <C(  K  <snly)  or  eithcT  60  or  90  min  of  vnhunc  s.onirolied  HS 
(2.0ce/ J(>0gHb(l6X  l  +  HS  and  90(XX  +  HS).  Iti  the  CXIHHS  groups,  hetasr.irslt 
\s  as  use'd  to  restore  .VI A P  lo  50  imnHg  for  30  min,  (field  lesuseit.irtoni  ftsllosved 
by  rerurn  of  slud  blooel  (in -hospital  lesusciiarionh  Neurotial  damage  in  lup- 
poeampiis  was  assessed  on  d  '  in  H&E-srained  brain  seetjon.s  hy  a  blinded  es^at- 
uaror  scoring  (  A)  .uul  (i.A3  regions  (0-no  dani.ige.  1 -rare.  jffeeted,  .V 

2S'l<V-50Ti’  affcererl,  4-,sevcie  ncurorial  loss.  5-inf,jiction).  Resuirs:  HS  Ksluceti 
MAI'  fiom  a  b.tseline  valut  of  -85  mmHg  to  -35  niniHg  dining  HS  in  both 
tsOt.C.lrH.S  and  9(KXd  +  HS  (p<0.05  vs  CXH  <mlyh  XIAP  ocosered  to  -I'd 
niniHg  after  in-hospit.tl  resuscirarion.  90  min  of  HS  drama tiealiy  exacerh.ated 
hippocampal  damage  s's  either  CCI  alone  or  60niin  CCl  +  HS.  Mean  scores  foi 
CAJ  In  CX:i.  60(X:UHS  and  90CC:UHS  were  I.52±0/14.  I.27±0,45,  and 
3.25X1.39,  respectively,  p<0.05  In  C1A3  scores  were  1.60±0.55,  I,^5±()/h.  and 
2.‘k^+l ,  )8.  icspeerively,  p<0.05.  7  here  was  no  dinPcienee  hcnvten  C.Xfl  alone  and 
OOCCUHS,  All  mK:e  with  scores  of  4  or  5  were  in  the  90CXiUH,S  group. 
Conclusions;  Oiu  data  suggest  a  eiirital  time  window  for  the  exaeerhation  of 
neuronal  death  hi  H.S  aOer  expei In'ientari  B)  and  nuy  have  imporr.'int  implica¬ 
tions  tor  blast  injury  victims  in  austere  environments  where  dcfmirivc  manage¬ 
ment  of  in  (lines  Is  delayed.  Support:  US  Arno  PRO  547  5  5  IXWHOO 1 024  7 
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TRAUMATIC  BRAJN  INJURY  IN  IMMATURE  RATS  CAUSES 
EARLY  AND  SUSTAINED  ALTERATIONS  IN  CEREBRAL 
METABOLISM. 

P.uifa  Casey.  Mary  McKern la.  Manda  Saraswati,  Camianey  Rofrertion,  fVctiatrics. 
University  of  Marvl.ind.  Balrimore,  MD;  Cary  ri^kiini.  Ane.srhe.siology, 
Univcrsiiy  of  Maryland,  Baltimore,  MD 

Introduction:  i  rati  mat  ic  Brain  Injury  (ITI)  js  the  le.iding  cause  of  king- term 
disability  in  children  in  die  United  States  (CDC)-  Studies  have  sluiwn  pidlouiid 
a!  tc  ratio  lib  in  cerebral  metabolism  after  TBI,  bur  pediatric  data  is  hmired.  with 
few'  studies  performed  <48  h  aftea  d'BI,  Hj'podiesis:  We  hypodusizc  tliat  meiu- 
hollc  changes  uccm  eaily  {<24)i)  (lost  I  BI  and  [>ersist  for  many  days,  MetJiods; 
Immature  rats  (PND  16- 17;  n=8)  underwent  eonrrolled  utrtic.il  impact  (CCB 
rn  rite  left  parietal  coirex.  Brains  were  removed  at  4h,  241i,  and  7d  after  f  B!,  sep¬ 
arated  into  left  (L.  injured)  and  rigJit  (lU  control)  hemispheres  and  r.ipidly 
frozen.  Metabolites  were  extracted  with  perchloric  at-ij,  and  proton  nuclear  mag¬ 
netic  le-son.mee  speeira  were  obtained.  .S[jectra  were  analyzed  fsn  N-acetyl-.t.sp.ii - 
t.tre  (NAA),  1  acniic  (l  ac),  total  Creatine  fCr),  Cimline  (Cho).  and  metabtsllte 
ration  derermined  Sh.mi  tars  (n==6)  underwent  surgery  svtthout  impact.  Results: 
7  here  w  .ts  no  difference  berween  L  and  R  at  any  time  in  the  sh.im  rats.  The 
NAA/l  ac  ratio  \v;d  decreased  (-  I  3%)  at  all  rimes  m  the  injured  correx  (p<0.05 
V,  1^.  at  4h,  24 h,  ""d).  I'his  reduction  was  due  to  altered  lac  as  evidenced  by 
increased  l.aefCr  at  4h  (Lac/Crr  H7t=U3IX  0.1  1,  Right  =1,0 3+  0.(iK,  p<0. 05) 
and  24h  (lae/Ci:  la.lr--l.32  +  0.07",  Right^l.ll±  0,02.  p<.0.05).  reflecting 
inctc.iscd  glycolyses  and/or  decreased  oxidative  metabolism.  Ar  ^d  NAA  vvas 
ilcereasetl  (NAA/Cr:  [,eft=0.68±  0.01.  Riglu=0,74±  0.02,  p<0.05).  tridicating 
loss  ot  neuronal  or  mirochondriai  incegrir)'.  Increased  Clm/Cr  raiio  .ir  7d  is  ctm 
si.srem  wi  iosis  in  the  injured  cortex.  Conclusions:  Metabolic  derangemenrs 
begin  early  (<4fi)  afrer  TBl  in  immature  rats  and  are  sustained  lor  at  le;tst  "d. 
Understanding  the  patlxologic  alterations  in  ccreliral  metaboli.sm  aficrTBI  could 
Idenrlly  novel  t.iigcrs  fbi  ncuroproteciion  following  I'BI  in  children.  .Suppoit 
NIH  K08NS42805  Sc  University  of  Mar\4and  Dept  ofPcdiatrics 


CORRELATION  OF  INITIAL  CEREBROSPINAL  FLUID  MAG¬ 
NESIUM  LEVEL  AND  OUTCOME  IN  SEVERE  TRAUMATIC 
BRAIN  INJURY. 

Michael  R  Ihscl'ier,  Ava  M  Pucci  o,  Martin:!  Srippler.  Plea  nor  Gaison-AXhltei. 
Kevin  A  Walter,  David  O  Okonkwo.  Neurosurgerv,  U  of  Pittsburgh.  Pittsburgh, 
PA 

Introduction;  INperimenial  brain  injiny  srudics  has'e  tlemon.stratetl  an  hii))Oi- 
lant  role  lor  magnesium  IMg  ’lm  neurologic  outetimc.  with  low  levels  being 
.LSssieiatcd  vvith  poor  outeome,  and  replacement  therapy  improving  outcome'. 
How'cver.  the  correlate  in  clinic.d  rri:!ls  is  lacking  in  traumatic  brain  injury  (TBl) 
^r tidies  and  mcoocliisivc  in  orhci  neurologic  diseases’.  Hj'potiicsis:  We  liypothe- 
.sized  tli.at  a  low  initial  cerebrospinal  fluid  (CSE)  (Mg'']  following  a  severe  1  Bl 
wt>iild  predie  I  poor  neurologic  oureomL-,  as  measured  by  6- month  Clla.sgow' 
Outcome  Scale  (COS)  seme.  Merhods:  Under  .in  1  RR-appiovcd  protocol, 
demogiaphic  data.  I.jbtmirory  results,  CSP  samples  and  6-monrh  COS  semes 
were  cnlkcted  prospectively  in  severe  adult  PBf  pacieiHs.  with  a  Cl.isgotv  (,oma 
Scale  {( i(.'S)  scorr  <  8.  age  Ib-fO  years,  :md  an  e.stravenTricLilar  drain  in.scvted  for 
inrr.icrjnral  [iiessure  man,igemen[7lotjl  |Mg"l  wa.s  measuicd  in  triplicate  utihz' 
mg  a  ciiianritative  colorimetric  as.say  fBioAvsay  .Systems,  H.iyward.  CA)on  the 
initial  C.SF  sample  taken  within  24  htiurs  of  licispiial  admi.s.sion.  Binary  logistic 
regression  was  pel  formed  on  initial  C.SP  IMg'  I  of  <  or  >  2.68  mg  to 
d  iciioro  mi  zed  (.iOS  (poor  otitc<mie:  !-),  and  favorable  outcome:  4-5).  Results: 
44  p.irient.s  (mean  ±  SD  age  ,)5, 1  ±  16  1.9  female.  ,33  tnalc:  GC.S  5.7  +  1 ,3)\vcre 
assessed,  with  the  initial  CTP  |Mg“)  median  td  2.68  ±  .73  mg.  Ibiugrlns  metli- 
an  (Mg  *l.  patients  with  an  initial  |Mg*'l  ol  >  2.68  mg  vvere  kumd  ts'  have  a 
greater  likehliuod  of  having  an  unfavorable  outcome  (OR  7.74,  Cl  1 .0  I  -59.20, 
^^.04S’).  lr>  patients  with  a  poor  outcome.  CSP  and  serum  (Mg"!  were  higldy 
correlated  (r  =  ,6 1 . />=,fH)  1 ).  Conclusions:  These  preliminary  findings  m  human 
TBl  suggest  that,  connar)’  m  ex  pen  mental  animal  .snidies.  a  high  , id  mission  CSH 
IMg'  l  is  associatA^d  with  poor  neurologic  outcome.  Blood  brain  perme.tbibty 
ch.ingL.s  m.iy  explain  the  correlation  of  C.5T  and  serum  (Mg  'lin  poor  outcome 
patieius.  Atklirlonal  reseaich  is  aimed  ar  understanding  rhis  aherarion  ofiiuracr.t' 
trial  (Mg'’ jhomcoscasis  in  I'Bl  paiicnts.  ‘  }  Netiwchm}  777//,  1999;  ‘  Lancet  363, 
2004.  Siippoti:  NS  30318 
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AN  OBSERVATIONAL  STUDY  OF  BLEEDING  EVENTS  (BE) 
ASSOCIATED  WITH  LOW-DOSE  UN  FRACTIONATED 
HEPARIN  (LDUFH)  IN  A  NEUROLOGIC  INTENSIVE  CARE 
UNIT  (NSICU). 

Denise  Rln>ne\ .  Dennis  Parker,  Pharmacy  Pracrice.  Wayne  State  Uni  vers  it)’, 
Detrtiit.  Ml;  Xi  I  iu-DcRyke.  Phjrmacorlicr.ipy,  Univcisiry  of  Utah.  SLC,  UP 

Introduction:  While  OV  T  and  pulmonary  embolism  (Pis)  lem.iiii  a  significant 
(..ruse  ol  morbidity  and  inoiraliry  m  criricaKy  ill  patients,  clinicians  arc  often 
rclucLuirto  iiririate  early  LOUTH  prtipliylaxis  due  rorhefearof  BE,  Hypothesis: 
Describe  the  BT,  incidence  and  a.ssociated  ri.sk  lacrors  related  CO  the  tixc  of  pro- 
phyl.rcric  1  ITUI'H  in  NSICU  parienr.s.  Methods;  Patienrs  admitted  ro  the 
N,31CU  over  a  9-month  period  were  included,  A  major  BE,  was  defined  as  chut- 
cally  oven  l)lood  with  a  deciease  iii  Hgb  hy  >2gm/dL  and/ot  a  transfusion  of  2U 
j^RBC;  minor  Bl'  weie  all  other  BE.  Results:  A  total  ol  181  patients  were  includ¬ 
ed,  [he  majority  admitted  vvitli  hcrnorrhagic  s[ioke(4  1 9<))  or  tr.iitmatic  brain 
iii|urvX27%).  BE,  oeCiiiTed  in  I4.9%(i)  =  25)  patlcnc.s  (4l%  major)  3(1-23)  Jays 
after  initiation  ol  ID  LI  EH  with  the  majuriry  g.a.stroinrestmal.  fVmographics 
were  similar  except  foi  APACHE,  11:  BE,  15(2-24),  NBE  1 0l0-361(p=0.03).  The 
only  difference  in  baseline  labs  wa.s  glucose,  wliich  was  incrcasetl  in  parienrs  tvitb 
BF--(p=().()2),  LDLIEH  prophylaxis  was  administered  in  93f‘o  of  paticiirs  with  B£ 
and  8443’  wirh  NBT,  primarily  at  a  dose  of  500{)U  ql2h  (8243>)(p=0..38). 
LI.IUEH  was  initiated  wirhin  24hrs  of  hospital  admis.sion  in  84%  of  patients  in 
both  group.s.  The  overall  incidence  of  DVT  and  PE  was  2%.  Significant  ri.A  fac¬ 
tors  for  BE  in  pa  rictus  who  received  LDUEH  arc  suninKaiizvcd  below.  Logistic 
legrcssion  revealed  rw'o  independenc  predictors  of  RE,;  NSAID  use  and  mechan- 
ici  ventilation.  Conclusions;  7  he  early  u.se  of  LDLU'H  prophylaxis  was  not 
.Lv^ociated  with  an  iiKrcosed  BE  risk  in  this  NSICU  cethori  even  in  patienu.  with 
initial  inrractanial  blextllng.  Identified  risk  faciois  for  bleeding  may  indicate  that 
parieni,-!  are  at  risk  from  other  factors  besides  LDUFH  prophylaxis. 
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ASL-MRI  Assessment  of  the  Effect  of  Hemorrhagic  Shock  on  Cerebral  Blood  Flow  After  Experimental  Traumatic  Brain 

Injury  in  Mice 


L.  M.  Foley \  A.  M.  Dennis^  T.  K.  Hitchens^  J.  A.  Melick^,  C.  Ho\  and  P.  M.  Kochanek^ 

^Pittsburgh  NMR  Center  for  Biomedical  Research,  Carnegie  Mellon  University,  Pittsburgh,  PA,  United  States,  ^Safar  Center  for  Resuscitation  Research,  University  of 

Pittsburgh  School  of  Medicine,  Pittsburgh,  PA,  United  States 


INTRODUCTION 

Traumatic  brain  injury  (TBI)  is  the  leading  cause  of  traumatic  death  in  the  US.  Morbidity  and  mortality  resulting  from  TBI  are  greatly  increased  by 
secondary  insults  such  as  hemorrhagic  shock  (HS).  The  combination  of  TBI  and  HS  has  taken  on  great  importance  related  to  military  and  civilian  casualties  from  blast 
injury  in  combat  and  terrorist  attacks.  Hypotension  worsens  the  outcome  for  patients  with  TBI,  which  is  thought  to  be  due  to  secondary  ischemia  caused  by  cerebral 
hypoperfusion.  Aggressive  fluid  resuscitation  is  recommended  to  maintain  mean  arterial  blood  pressure  (MABP),  but  in  patients  with  uncontrolled  hemorrhage 
increasing  MABP  can  increase  blood  loss  and  reduce  survival  [1].  Currently,  there  is  controversy  over  how  to  best  treat  patients  with  TBI  and  uncontrolled 
hemorrhage.  TBI  produces  CBF  reductions  that  are  generally  localized  to  the  injury  site.  The  aim  of  this  study  was  to  examine  the  effect  of  HS  on  regional  CBF  after 
controlled  cortical  impact  (CCI)  in  mice. 

MATERIALS  AND  METHODS 

Male  C57Black/6J  mice  (11-15  wks  of  age)  were  divided  into  one  of  four  groups  for  MRI  assessment,  naive,  CCI,  HS  and  CCI  +  HS.  Mice  were 
anesthetized  with  isoflurane  in  N20:02  (1:1),  intubated  and  mechanically  ventilated;  then  femoral  arterial  and  venous  catheters  were  surgically  placed.  The  mouse  CCI 
model  is  used  as  previously  described  [2]  with  minor  modifications  [3].  Animals  were  placed  in  a  stereotaxic  holder  and  a  temperature  probe  was  inserted  through  a 
burr  hole  into  the  left  frontal  cortex.  The  parietal  bone  was  removed  for  trauma.  Once  brain  temperature  reached  37°C  and  was  maintained  at  this  temperature  for  5 
minutes,  a  vertically  directed  CCI  was  delivered  at  5.0m/sec  with  a  depth  of  1.0mm.  The  bone  flap  was  replaced,  sealed  with  dental  cement  and  the  incision  closed. 
CCI  was  followed  by  60  min  of  volume  controlled  HS  (2  mL/100  g)  (CCI  +  HS),  or  continued  anesthesia  (CCI),  or  just  60  min  of  volume  controlled  HS  (HS).  In  CCI  + 
HS  and  HS  only  groups,  mice  were  resuscitated  with  Hextend  until  MABP  was  >50  mm  Hg  (pre-hospital)  followed  30  min  later  by  the  return  of  shed  blood  (definitive 
care).  Perfusion  images  were  obtained  during  the  shock,  pre-hospital  and  definitive  care  periods. 

MR  studies  were  performed  on  a  4.7-Tesla,  40  cm  bore  Bruker  AVANCE  system,  equipped  with  a  15  cm  diameter  shielded  gradient  insert  and  a  home-built 
saddle-type  RF  coil.  For  all  imaging  experiments,  FOV  =  4  cm  and  slice  thickness  =  2  mm.  Maps  of  Tiobs  [4]  were  generated  from  a  three-parameter  exponential  fit  to 
a  series  of  spin-echo  images  with  variable  TR  {TR  =  8000,  4300,  2300,  1200,  650,  350,  185,  100  msec,  2  averages,  128  x  70  matrix).  Perfusion  spin-echo  images  were 
acquired  in  duplicate  using  the  arterial  spin-labeling  technique  [5]  {TRITE  =  2000/10,  20,  30,  summation  of  3  echoes,  2  averages,  128  x  70  matrix)  with  labeling  applied 
±  2  cm  from  the  imaging  plane.  The  spin  labeling  efficieny  (a)  [6]  was  determined  in  each  study  with  gradient  echo  images  with  spin-labeling  applied  at  ±  6  mm 
{TRITE  =  100/9.6  msec,  45°  flip  angle,  8  averages,  256  x  256  matrix).  Body  temperature  was  maintained  at  37  ±  0.5  °C  using  warm  air,  regulated  with  a  rectal 
temperature  probe.  Prior  to,  and  after  each  MRI  study,  PaC02,  Pa02,  MABP,  HR  and  rectal  temperature  was  recorded. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  representative  CBF  maps  for  all  groups.  After  CCI, 
CBF  was  significantly  lower  in  the  ipsilateral  hemisphere,  cortex  and 
hippocampus  during  all  phases.  For  HS  alone  mice  CBF  was  generally 
lower  than  naive  mice  but  this  was  not  significant.  During  the  shock 
phase  the  CCI  +  HS  mice  displayed  a  dramatic  global  CBF  reduction. 
After  resuscitation,  CBF  the  contralateral  hemisphere  partially 
recovered,  but  not  to  naive  levels,  during  the  prehospital  and  definitive 
care  phases.  CBF  in  the  ipsilateral  hemisphere  remained  significantly 
decreased  vs  naive  mice  throughout  the  entire  experiment  and, 
resuscitation  did  not  restore  contusional  CBF.  .  Our  data  support  the 
occurrence  of  a  diffuse  autoregulatory  impairment  during  HS  after 
TBI.  Impaired  oxygen  delivery  by  HS  superimposed  upon  increased 
metabolic  demands  and  disturbed  microcirculation  after  TBI,  may 
magnify  the  damage,  producing  poor  outcomes.  This  model  using 
MRI  provides  a  powerful  tool  to  study  novel  approaches  to  optimize 
CBF  resuscitation  after  TBI. 
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Figure  1:  Representative  CBF  maps  of  mice  brains  with  and  without  trauma  (CCI) 
and  with  and  without  hemorrhagic  shock,  during  the  shock  period  (2  mL/100  g 
volume  controlled  blood  withdrawal),  pre-hospital  period  (resuscitation  with 
Hextend),  and  definitive  care  period  (return  of  shed  blood). 
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KVACRRIUrRO  Gl-IAL  RRSPONvSF  \\  THR  A<;KD  MOUSR  HIP^ 
rOCAMPlS  FOLLOWING  CONTROLLLD  COR'llCAl,  I  MPA  Cl  IN- 
JGKV 

Roi<u  Sum! ! in .  Un  ao}'^'  huk.  He.  ,\Ui>k  \  Bernutn 

K u/i  ‘ fi.s  ( Jn ivL'r\ i t\  iVfe( tU  t it  Ct  > ii cr.  K on.S(  ia  C i A .  t tii ed  St< ncs 

huriHluction.  i  KiinuLiiic  hrain  in|my  ( 1  Hlj  ennivihures  lo  u  lUinihoi  t'f 

deaths  and  casc^  of  pcrnianem  dt'-abilny  aiiiuialiy  Dam  (rom  llie  CDC  iiulieate 
a  hi i? her  ineldeiiee  aiul  uoi  ve  (Hifcofne  f'f  I’BI  in  \\\e  a^ine  population.  I  he  lon^- 
lerm  disahiliiiL'S  ^iif  lercd  Ih  survh('^^  veis  often  nielnde  eo^nMi\e  dclicir^.  which 
ai'C  aiti  il^iiiahle  in  pint  lo  (he  dafnLige  ro  the  htpptxiainpiiv  Pievious  v\t)rk  (r<w)i 
tmr  liiNtraioi’^'  Ives  indicated  that  higher  expression  ol  proinll.HTnieiliii  v  cytokinL  v 
and  choinokines  in  the  ajjiM^  hrain  might  be  rcspcvnsible  hv  higher  eulnerahdiiv 
lo  iti|ury  f‘he  higher  activaiuin  ol  cytokines  and  chemoktnes  in  aging  mice  stig- 
gesiN  increased  activation  of  microglin  and  astroev  les. 

ML‘tln)d  The  siudv  w^ln  designied  to  investigate  the  expression  of  markers  oi  ae 
tivated  niictoglia  and  astiocyies  m  liippt'cajnpus  i>rmicc  atiei  iiiitny  to  the  sen 
soiimotoi  eoit<  x  tistng  a  contioflet!  cortical  impactor  in  aged  i2 1  24  mo)  and  jdtih 
^^v-h  inoi  mice  using  real-lime  K  I-K.'K  and  uesiern  No:  analysis  K  2.  7,  14 

and  days  after  injury 

Results  Higher  basal  expression  ot'cdl  Ih  and  lUAl.  markers  nf  aetivak'd  mo 
cioglia,  was  ot'scivcd  in  aged  hippocampus  as  compajcd  to  the  atlult  mice,  IN- 
pressnni  meieased  grtnlually  alter  injiif^  and  reached  maximum  jfier  ?  tiavs  ot 
injury  in  hoih  groups  l-hwvcvcr.  in  the  aged  hippocampus  ihe  i  xpiessiim  ol  mi¬ 
croglial  markers  w  as  higher  at  all  time  pkduis  and  vta^  prolonged  Tlie  exprossion 
was  apjiriixiittalelv  J  and  2  hdd  higher  m  aged  lluin  adult  mice  after  ^  and  7 
daxsol  minis  ies|seciivcly ,  hApression  o|  (iPAP  and  S itK)K>  markers  ol  activated 
astrocytes,  was  higher  in  used  mice  and  rejiched  maximum  afier  7  Jays  id  injuix, 
riie  expression  ol  astrocyte  markers  letuoed  i(i  ncarhuxal  28  days  alter  injui-y  in 
the  adult  mice,  whereas  in  the  aged  nuee  level.v  were  soil  elevated  at  28  da  vs. 
Use  imnuintv||ls|(ithemical  analysis  of  sections  using  lUAI  and  Gl  AP  aiitibod 
les  a  1st  I  revejIciJ  htghcr  glial  activation  iti  the  aged  brain  alier  iniuiy, 
Disenssion  I  he  restdt.s  fann  this  study  suggest  that  prououncs^d  and  prolonged 
aciivaiioii  id  microgha  and  asoxK'yies  in  hippca  ampus  may  coninbiitc  to  wtirse 
cognitive  oiueomc  in  the  elderly  lolkm'iog  Ti3l  (Suppoiied  hv  AG02M82  i 
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ROLL  OF  PROTFIN  PlIOSiniATASE  J  (PPl)  IN  CORTEX  AM) 
HIPPOCAMPUS  AFTER  LATERAL  FLUID  PERCUSSION  (LFP) 
BRAIN  lN.rLiRY  IN  RATS 

Miriute!  Fidkensk  Jnydon  S\\'iu(]lc\  Danicla  Mich<dis~ 

^ Peppy rdhie  L‘niver.dl\‘.  MaHhu.  Uniu'd  Statc:<,  "Vniveisiiy  (*f  Pe}ni.\)  t\:a- 
nia,  Philadelphia,  Untied  Sudes 

IntroUuclion;  Priiiciit  jih<'sjihoiyl;iti(in  (kintiMNj  and  dcphtvsphorv  lutnm 
(pliosphaltiscs)  tuc  widespread  iuhI  dynaitiic  htochctttical  processes  fJtat 
lead  lo  niaiw  cellular  chajiges  including  signal  transduction,  Pre\  lous  stud* 
les  in  (Htr  lab  have  shown  a  rapid  itwrease  in  levels  of  phnsphorylaled 
calcuini/cahntxlulin-dcpendent  kinase  II  (pCaMKIt)  within  hippocampus 
and  coricx  at  ff)  and  30  tnin  after  LFP  tnitiry'  ihai  was  no  Ion  get  elevated 
when  examined  at  3.  8,  and  24  hrs.  Tlie  subsequent  depliosphory  laiion  of 
pL'aMKlf  may  have  been  mediated  by  protein  phosphauses.  This  ptirtic- 
ular  study  explored  the  role  of  a  protein  phosphatxse.  protein  phosphatase 
I  fPPh.  Specirically-  PPl  inactivates  pCaMKII  through  deactivation  of 
hihibitor  I  fll).  PPl  is  also  imphcaied  in  such  cellular  processes  as  cell 
division,  ujxrjnosis.  and  long-term  irtemory.  PPItyl  subuitil)  is  cttnipati- 
nwntah/.cd  pivdciinmatcly  in  the  cell  soma  hut  is  al.so  found  iti  dendrites 
and  prc'iynajMie  h<vu(ons  where  it  eo- local ixe.s  with  CiMKIl.  Methods: 
Western  immunoblotting  was  used  to  c(nnpare  levels  of  PPlyl  in  br^th 
the  ijxsilateial  and  contralateral  rat  hippocajnpi  and  cortices  of  f-FP  injured 
and  sham  injured  rats  at  |()  min,  30  min.  and  3  hrs  after  injury.  Results; 
Western  blotting  results  showed  there  wa.s  no  significant  diflercncc'  be¬ 
tween  ipsilaieral  and  contralateral  coiljcal  and  hippocampal  regions  at  any 
time  point  after  iiijuiy.  l,j?vel.s  of  PPl  yl  in  the  hippocampus  were  signify 
icantiv  liigher  in  the  TBl  versus  .sham  injured  groups  only  at  the  1 0  minute 
tjtne  f>oint.  In  the  coitex,  there  was  no  significant  difference  between  TBI 
:tnd  .sham  at  or  between  time  [loinis.  Discussion;  Thc.sc  results  suggest 
that  PPl  yl  levels  aje  minimally  and  transiently  altered  alter  injury,  TIic.sl* 
clianges  may  not  profoundly  aflect  concomitant  levels  oi  pCaMKII  and 
sub.sex|uent  changes  in  cell  injuiy  and  plasticity  a  her  brain  trauma. 
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BJCHAVIORAL  OUTC  QMFS  FO LI. OWING  BIOMFCH AMCALLV  OLS- 
TINCT  UiFFUSK  BRAIN  INJLRIKS 

H(fni (id  FiialU>\\  \ki.  Bi  ien  .SVcni;)<.  r,  Fiilnk  Pniinr.  Ntiaiuin  Iheiiua 

(iennnrelli 

Uiffhinment  ttf  Medtad  Cnllc^e  of  W’iMO/i\iih  Mdu'dttkec,  United 

Shths.  i  cteimis  lyiedntil  Ceitiei,  Mitu  intU  e.  Untied  SUile.^ 

liitrcKhjction:  Inptu  ptiho  mapniiuJc  uiiJ  Juiaihvti  mlltiencc  dilTuse  brain  injury 
(DhlJ  scwriiy.  However,  the  role  of  Juration  was  not  dearly  idetUified,  I  his 
siudv  A  purpose  was  to  tleiertiiine  ef^ed^  of  pulse  magnitude  and  Jural  ion  on  he- 
fiavioi.ii  ouiLonKw  follovMii^  |>Hl.  Metliotts:  This  prt'toeol  wa^  apjiriwed  hy  our 
In^tiiuiionjl  he\  irw  hoard  \n  exjicriniemal  tat  nuHlel  inJiiLed  nuld  Dhl  ihiougfi 
coronal  plane  head  aiigtil.u  av eeleratjon,  t-Xfierinicnral  .immats  Wi'ic  divided  into 
}  grentps.  sluiii  Jmaiioii/low  Liiigulai  acceleration  f group  \  i,  short  duiahon/liieb 
align  I  Ji  acceleration  tgroiij'  2y  and  long  duiation/li>w  anguhii  aceolcution  (gix>up 
2).  R.its  were  aneslhell/ed  prior  to  and  given  reversal  ageni  immediately  lollow - 
ing  insult  Lhiconvcunis  tunc  wav  assessetl  thunigh  absence  of  corneal  reflex  and 
comp.aed  to  couirtJs  to  deicrtnins'  w  hethei  iiijuiy  was  stKtJtned.  Alter  regaining 
complete  eonscioKstiess,  a.v^esseJ  by  rcitirn  ot  righting  icllex.  and  within  1  hour 
ot  injury,  all  annn.ils  were  placed  in  a  y  maze  lor  20  minutes  and  \ ideogi aphed 
front  above,  V  ideograph)  was  analyzed  by  a  blinded  observer  and  number  ot 
limes  nmmals  changed  y-inaze  anus  tjuaniified  I  hiv  parameter  was  used  as  a 
mea.s(ire  oi  rat  activiiy  fol lowing  injuiy .  Results:  Angnlai  acceleration  lUiigm- 
itides  were  427  ±  21  (low baud  502  i  l.'^  (high)  kradys/s  and  duiai ions  vv ore  1,9  ' 
<),2  (short)  and  2  u  r  l).l  (long)  msec  .5.  6.  and  .s  animals  wers*  m  groups  1,  2. 
and  2.  .2  coniwl  annuals  luulcixvcui  the  entire  protocol  imnus  lusnli.  Dnetuisclous 
tiine  (lime  from  ivvcrsal  agent  adminlstraluui  to  comeal  ivikx)  was  signiticanily 
loiigei  than  ctmlrols  in  all  .2  groups  Number  of  y-maze  arm  change.s  (a  measure 
of  activity  level)  was  signitieaiuly  dcjveudeni  upon  expenmentai  group.  Post-luK 
analysis  reveated  group  I  was  not  significantly  dillereni  than  connols.  Hiwvcvcr, 
group  2  demonstrated  a  significantly  decreased  and  gmup  2  demonstrated  a  sig¬ 
nificantly  inc reaped  number  sT  nrni  changes  cmupLired  to  controls  and  group  I 
Discuission;  J^eseni  resniis  demonstrated  that  rats  subjected  to  high  magnitude 
puUos  were  less  active  vxhile  lais  stibjectcrl  to  msuU^  of  longer  duration  vieic 
more  aettve,  Tlfis  finding  highlights  u  role  of  pulse  duration  and  magniiude  in 
DBl  seventy  that  may  Ivc  indicative  oi  diffet'crvr  injuries. 
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KFKKC T  OK  HICMOKRHAGIC  SHOCK  ON  NKURONAl  DKATIl  AND  CFHF- 
HRAI.  BLOOD  FLOW  AFTER  EXPEHtMENTAL  TRAUMATIC  BRAIN  IN¬ 
JUR  V  IN  MICE:  MVCNETIC  RESONANCE  IMAGING  ASSESSMENT 

!)i  imid,  G,-  lloufktmd.  Le'^lfs  Mj/i-v*'.  Rnin-n  C/i  ringin'.  J  /;n\  JeiiAni^' .  T.  Kn  in 
Hiuhi:n\-‘.  Rnhrit  Clark' .  Cht-n  Ho'.  Utdya  !in\iy‘  Painrk  Kru-huiuk^ 

’  Saltir  Center  for  Re.su.^rihntor.  Ri  yran  h.  f/joe/  im  of  Pnahm  qIi.  Pntshnry^h.  L  ’/nted 
>  ^Pni.sfaryh  .\'MR  Center  jor  RinuHiUeril  Rt^'ieoreh.  Catueeie  fefeilon  Umversny. 
PiUdn'r^h.  Untied  States 

Introduction;  Combined  ir.uiiTiaia  hr;iin  tiijiivy  (TKIj  ajid  heiuorrhagic  shock  tl-IS) 
woiNcn  clinical  oulcnmes  THI  alone  I  'cw  srudies  havi;  cxpk>rcd  the  effect  of  H.S  on 
neuronal- death  or  ccrebra!  hlond  flow  tCBfi  alter  TBI:  nime  luve  been  pci'fotmeU  in 
mice.  Perth vton  Magnet ii.  Resnnaneo  hiugiiig  (MRI)  allows  '.eiial  assossmeius  of  the 
eficci  of  MS  >ind  rc'^uwiialion  after  TBI.  pnwiding  a  intu|ae  oppiuiunity  to  assess  CBF- 
in  vulnecihle  hiain  regions 

lly|K>thesis;  Hij'ipocampal  neuronal  death  in  CAI  is  cxacorhated  hv  IIS  after  TBI  and 
is  degKUuIcnt  on  (he  duration  of  FlS  and  ihe  i eduction  lU  CHI  , 

Methods;  Male  C57BL6J  mice  lu  ”  (Vgrouji).  ane.stheii7.ed  with  isoilurane.  underwent 
mild- moderate  cnnirolled  conical  impast  ('CCI)  (5mj\ec,  I  B  miu)  follovved  hy  00  oi  90 
mm  r>f  volume- control  led  HS.  or  ciputiiiued  anesthesia  iCCl  only).  K.me  and  HS  only 
groupv  were  also  siudied  In  CC’l  f  MS  and  HS  only  groups,  mice  vvere  resuseiUitcd 
w'lih  hera.UiUX'h  fur  .U)  niin  ipre- hospital)  followed  hv  return  td'  ^heJ  bloi>d  lor  60  mm 
(luopiial  eare)  Neuronal  damage  in  (.'A  I  was  .issessedon  d  7  iHArUl  hy  u  hlmdedcval- 
iialoi,  .Also,  pichrnmiuy  siudic'-  in  separate  iniLe  (a  ~  2/grou|0  assessed  CBF  sen  ally 
hy  perfusion  MRI  at  4  7T  during  HS  (fVl  rnmt  and  during  pie-h*ispital  and  hospital  cam 
phases. 

Results:  IIS  reduced  MAP  from  a  baseline  of  -XS  mmllg  to  ~  25  mmllg  during  ikS 
m  IIS  only.  CCI  -t'  U)  mm  IIS  :md  CCI  -t-  9(1  min  I  IS  ip  <  0  05  vs  CCI  ordv  i,  MAP 
recovered  to  *'50  mmllg  m  prv-hospual  and  —70  rnmilg  iiOer  liospiial  resusc itjiiou. 
‘Xl  nun  of  HS  dranaaiically  exauahaied  C.A  I  cell  death  vs  CCI  only  or  CCI  A  6()  unu 
MS  CA  I  counts  in  HS  only.  C  Cl  only.  CCl  l-  Mf  nun  HS  and  (.X  J  t  0(i  nun  MS  were 
,32,3  -  7.6.  20,8  =  6X.  28,1  *  2,2.  and  16  5  i  2,2.  lespeeiiveiy,  p  <  (i,05,  There  was 
no  .siguilicanl  dificieiice  m  CA  I  between  CCI  only  and  CCI  +  Wl  min  MS.  Hippocanipral 
(.  Bl  was  reduced  similarly  vs  naive  at  60  mm  aOei  CCI  r^r  CCI  i  HS  Sludies  of  CBI 
ai  mm  after  TJ3 1  I  HS  arc  ongoing 

CondiisiofUi:  SuiT'iivingly.  90  riitfier  than  60  min  of  HS  sr.is  required  to  signdk-.mily 
ex.icerhjto  C.-M  netironal  death  after  inild-mo<leiate  CCI,  'I'liis  agree',  w'lth  our  CCT  -i- 
(4)  min  HS  MR!  d:iia.  vvhieli  did  nrU  '■how  J  lurlher  CBF  redueiion.  Our  findings  sug- 
gesi  ihiil  alihongh  the  trarimatically  injured  lirain  lias  enliantvd  vulnerability  to  HS.  a 
thefa)ieuuc  window  exists  foi  benefit  fmni  opiuni/ed  rcsusiiialion  .ifler  comhined 
I'BI  H  HS  Suppoit  US  Anny  PR054755  WSIXWH-06- 10247. 
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DECAY  IN  QUALITY  OF  CHEST  COMPRESSIONS  WITH  TWO 
FINGERS  TECHNIQUE  DURING  LONE  RESCUER  INFANT 
MANIKIN  CPR. 

Sharda  Udassi>  Jai  P  Udaisi,  Arno  L  Zarltsky;  Ikram  U  Haquc,  Pediatric  Critical 
Care  Medicine,  University  of  Florida,  Gainesville,  Gainesville,  FL;  Douglas 
Theriaqii,  Jonathan  J  Shuster,  GCRC,  University  of  Florida,  Gainesville,  FL 
Introduction;  We  previously  reported  that  Two  Thumb  (TT)  CPR  generates 
higher  compression  depth  (CD)  and  compression  pressure  (CP)compared  to 
Two  Finger  (TF)  in  an  infant  manikin  model.  In  an  adult  manikin  study,  chest 
compression  depth  (CD)  and  rate  (CR)  decreased  after  1  minute  of  CPR  sec¬ 
ondary  to  fatigue.  It  is  unknown  if  fatigue  results  in  poor  chest  compressions 
during  infant  CPR.  Hypothesis;  We  hypothesized  that  rhe  TT  technique  pro¬ 
duces  better  quality  CPR,  but  may  require  more  effort  resulting  in  decay  of  chest 
compression  quality  compared  roTF  technique  using  the  new  compress  ion:  ven¬ 
tilation  guideline.  Methods:  A  Laerdal™  Baby  ALS  Trainer  manikin  was  modi¬ 
fied  to  digitally  record  CR,  CD  and  CP.  BLS  or  PALS-ccrcified  healthcare 
providers  were  randomized  to  perform  5  minutes  CPR  using  30:2  compres¬ 
sion:  ventilation  ratio  with  either  TT  or  TF  technique.  Subjects  were  blinded  to 
data  recording.  The  change  in  compression  quality  was  analyzed  by  calculating 
the  change  over  time  (slope).  Slopes  (mean±SD)  were  analyzed  using  unmatched 
2-sided  r-test  comparison  of  rhe  slopes  of  CD  and  CP  minute  by  minute,  over  5 
minutes,  P-valuc  ^0.05  was  considered  significant.  Results:  Sixteen  subjects  were 
randomized  to  each  group.  The  mean  slopes  over  5  minutes,  between  TF  and  TT 
technique  showed  significant  deterioration  of  CD  with  TF  technique,  p  <0.001 , 
Although  CP  was  significantly  higher  with  TT  technique,  there  was  no  signifi¬ 
cant  reduction  of  CP  over  time  in  either  g/oup,  p=0.81.  CR  was  133±34  per 
minute  with  THT  vs,  136±37  with  TF,  p=0,8L  Condusions;  Our  study  suggests 
that  during  lone  rescuer  infant  CPR,  TF  technique  is  associated  with  a  rapid 
decline  in  quality  of  CPR  over  5  minutes.  This  effect  was  not  seen  with  the  use 
of  Two  Thumb  technique,  which  su^ests  superior  CPR  performance  especially 
over  prolonged  time.  We  rccommendthat  the  Two  Thumb  technique  is  preferred 
for  infant  CPR,  especially  when  provided  continuously  in  the  infant  with  a 
secured  airway. 
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CAN  THORACIC  IMPEDANCE  OBTAINED  VU  DEFIBRILLA¬ 
TOR  ELECTRODE  PADS  ACCURATELY  DETECT  RESCUE 
BREATHS  IN  CHILDREN? 

Kathryn  E  Roberts.  Lisa  Tyler,  Vi  jay  Srinivasan,  Lori  Boyle,  Ram  Bishnoi,  Dana 
Niles,  Vinay  M  Nadkarni,  CHOP,  Philadelphia,  PA;  Jon  Nysaether,  Laerdal 
Medical,  Stavanger,  Norway 

Introductjoii:  Resuscitation  guidelines  recommend  target  values  for  rate  and 
depth  of  rescue  breathing.  Thoracic  impedance  (TI)  obtained  via  defibrillator 
electrode  pads  is  FDA  approved  to  detea  and  guide  breaths  in  adults. 
Performance  of  this  technology  has  not  been  studied  in  children.  Hypothesis:  TI 
obtained  via  Anterior- Anterior  defibrillator  pad  location  (AA)  accurately  detects 
guideline  recommended  7-10  mL/kg  breaths  in  children.  Breath  daeaion  is 
superior  with  AA  vs  Anterior-Posterior  pad  location  (AP).  Methods:  IRB 
approved,  prospeaive  pilot  study  of  stable  ICU  patients  (6  mos-17y)  on  con- 
veniionaJ  mechanical  ventilation.  Patients  with  chest  tubes,  obvious  chest  wall 
deformity,  skin  breakdown  or  inability  to  place  pads  in  standard  AA  or  AP  loca¬ 
tion  were  excluded.  TI  was  obtained  via  Philips  MRx  defibrillator  with  standard 
electrode  pads  (limit  of  detection  >0.4  Ohms)  for  5  min  in  AA  and  AP  locations. 
Tidal  volume(Vt)  was  simultaneously  measured  by  pneumotach  (Novametrix 
C02SMO  Plus).  Analysis  using  descriptive  statistics,  chi-square,  t-test,  and 
Bland-Alrman  mahod,  where  appropriate.  Results;  15  pts  age  7.5(±5.5y)  and 
weight  18.6kg  (IQR  14.6-41 )  generated  l3AAand  13  AP  evaluable  episodes.  In 
AA  location,  TI  detected  825/858  breaths  a7mL/kg  (sensitivity  96.2%)and 
360/489  breaths  >2-7  mL/kg  (sensitivity  73.6%).  TI  detected  87.9% 
(1 185/1347)  AA  vs.  86.4%  (1217/1409)  AP  location  breaths  >2  ml/kg  (p=0.23). 
Limit  of  Vt  detection  per  patient;  4.27  ±  1 .5  ml/kg  AA  vs  4.86  ±  L7  ml/kg  AP 
(p  =  0.36).  Method  comparison  (AA  vs.  AP)  of  TI  breath  detection  showed  a 
mean  bias  of  -1.8  mL/kg/Ohms  (95%  Cl:  -4,2,  0.7)  with  limits  of  agreement 
(precision)  from  -8,8  mL/kg/Ohms  (95%  CL  -13.1,  -4.6)  to  5.3  mL/kg/Ohms 
(95%  CL  1 .0,  9.6).  Conclusions:  This  pilot  study  demonstrates  that  thoracic 
impedance  obtained  via  defibrillator  pads  accurately  deteas  large  (7-10  mL/kg) 
breaths  in  critically  ill  children.  However,  sensitivity  to  detect  small  (2-7mL/kg) 
breaths  is  limited.  Breath  detection  is  slightly  superior  with  AA  vs  AP  pad  loca¬ 
tion.  Suppon:  Laerdal 


NITROXIDE-BASED  RESUSCITATION  OF  COMBINED  TRAU¬ 
MATIC  BRAIN  INJURY  AND  HEMORKHAGIC  SHOCK: 
EFFECT  ON  ACUTE  HEMODYNAMICS. 

Vincent  Vagni.  Keri  Feldman,  Larry  Jenkins,  C.  Edward  Dixon,  Safar  Center  for 
Resuscitation  Research,  Pittsburgh,  PA;  lennifer  L  Exo.  David  Shell ingron, 
Robert  S.B.  Clark,  Hulya  Bayir,  Patrick  M  Kochanek,  Critical  Care  Medicine, 
University  of  Pittsburgh  Medical  Center,  Pittsburgh,  PA;  Li  Ma,  Carleron  Hsia, 
SynZyme  Technologies,  Irvine,  CA 

Introduction;  Polynitroxyl  albumin  (PNA)  is  a  novel  colloid  composed  of  albu¬ 
min  with  40  covalently  linked  nitroxide  antioxidant  molaies.  It  has  protective 
effects  in  models  of  hemorrhagic  shock  (HS),  stroke,  and  cerebral  hemorrhage. 
Outcome  after  traumatic  brain  injury  (TBl)  is  worsened  by  HS,  but  the  optimal 
resuscitation  approach  remains  unclear.  We  have  developed  a  clinically  relevant 
mouse  model  to  study  therapies  for  this  combined  insult.  Hypothesis; 
Resuscitation  with  PNA  is  equal  to  or  better  than  current  civilian  (lactated 
Ringers.  LR)  or  military  (Hextend,  HX)  standard  of  care  fluids  or  hypertonic 
(3%)  saline  inTBI+HS.  Methods:  Isofturane  anesthetized  C57BL6  mice  (n=30) 
underwent  controlled  cortical  impact  to  the  left  parietal  cortex  followed  by  90 
min  of  volume  controlled  HS  (2cc/l  OOg,  MABP  -35-40  mmHg).  After  HS  mice 
were  randomized  to  resuscitation  with  LR,  HX,  3%,  or  PNA  HS  was  followed 
by  30  min  of  fluid  administration  targeting  MABP  >50  mmHg  (pre-hospital 
phase).  Shed  blood  was  then  rc-infused  and  a  MABP  of  >70  mmHg  targeted. 
MABP  In  eadi  phase,  amount  of  fluid  given,  arterial  lactate,  and  7d  survival  were 
assessed.  Results;  There  was  no  difference  between  groups  in  MABP  at  the  end 
of  HS.  However,  pre-hospital  MABP  was  higher  in  PNA  and  HX  (both  P<0.05 
vs  LR  or  3%).  Fluid  requirements  in  rhe  pre-hospital  phase  were  less  in  PNA  and 
HX  (0, 19±0.02  and  0.24  ±  0.07ml,  respectively),  both  P<0.05  vs  LR 
(0.95±0.44mL)  or  3%  (0.57±0.34mL).  Improvement  in  lactate  at  end  of  resus¬ 
citation  tended  to  be  greater  in  PNA  (-L96±0.35)  vs  LR,  HX,  or  3%  (-0.92±0.7, 
-0.81  ±  0.25,  0. 10±0.85,  respectively,  P=0.132).  7d  survival  was  6/8  LR,  3/8 
HX,  4/7  3%  and  6/7  PNA.  P=0.297.  Conclusious;  PNA  exhibited  favorable 
effects  vs  either  LR  or  3%  in  TBI+HS.  Similar  or  favorable  effeas  for  PNA  were 
seen  vs  HX.  Studies  are  underway  to  assess  the  effect  of  these  therapies  on  neu¬ 
ronal  death,  ICP,  oxidative  stress,  and  cognitive  outcome. 
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CPR  FOR  BRADYCARDIA/POOR  PERFUSION  IN  CHILDREN: 
AN  ANALYSIS  OF  THE  NATIONAL  REGISTRY  OF  CPR. 

Aaron  Donoghue.  Kathryn  Roberts,  Vinay  Nadkarni.  Children's  Hospital  of 
Philadelphia,  Philadelphia,  PA;  Robert  Berg,  University  of  Arizona  College  of 
Medicine,  Tucson,  AZ;  Mary  Fran  Hazinski,  Vanderbilt  Children's  Hospital, 
Nashville,  TN 

Introduction:  Bradycardia  with  pulse  (BP)  in  children  is  an  indication  for  chest 
compessions  in  some  circumstances.  Chest  compressions  (CC)  for  bradycardia 
with  pulse  (BP)  in  children  has  been  associated  in  unadjusted  analyses  with 
improved  survival  outcomes  compared  with  CC  for  pulseless  cardiac  arresr. 
Hypothesis:  Patients  who  receive  CC  for  BP  before  PEA/asystole  develops  have 
barer  survival  to  hospital  discharge  than  patients  receiving  CC  for  PEA/asystole, 
even  when  adjusted  for  patient  faaors,  pre-arrest  clinical  status,  and  process  of 
resuscitattve  care.  Methods:  All  patients  <  18  years  reported  to  the  NRCPR  data¬ 
base  Jan  2002-Dec  2006  were  eligible.  Patients  with  bradycardia,  asystole,  or 
PEA  and  who  received  CC  for  >  )  minute  were  included.  Patients  newly  born  in 
the  delivery  suite,  or  with  shockable  first  documented  rhythm  were  excluded. 
Univariate  analysis  between  patients  receiving  CPR  for  BP  versus  asystole/PEA 
was  performed  by  chi-square  for  dichotomous  variables  and  Wllcoxon  rank  sum 
for  categorical  variables.  Variables  analyzed  inlcuded:  survival  to  discharge, 
patient  faaors  (age,  event  location,  illness  category),  clinical  faaors  (monitor  sea¬ 
ms,  respiratory  support,  cardiovascular  support),  and  processes  of  care  (invasive 
airway,  epinephrine  bolus,  vasopressin  bolus,  duration  of  CC).  Multivariate 
analysis  was  performed  to  assess  CC  for  BP  as  an  independent  predictor  of  sur¬ 
vival.  Results:  Complete  data  was  available  for  3149  patients.  1732  (55%)  had 
BP  and  640  (37%)  survived  to  hospital  discharge.  Of  I4l7  (45%)  with  asys¬ 
tole/PEA.  331  (23%)  survived  to  hospital  discharge  (peO.OOl).  After  adjusting 
for  confounding  foaors,  CC  delivery  for  BP  was  significantly  associated  with 
survival  to  hospital  discharge  (OR  1,57,  95%  Cl  1.28- 1.93).  Conclusions: 
Patients  receiving  CC  for  BP  before  pulselessness  develops  have  bener  survival  to 
hospital  discharge,  even  when  adjusted  for  patient  factors,  location,  etiology  of 
arrest,  and  process  of  resuscitative  care. 
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ASSOCIATION  OF  PROMOTER  POLYMORPHISMS  WITHIN 
ALPHA  7  NICOTINIC  ACETYLCHOLINE  RECEPTOR  GENE 
WITH  SEVERE  SEPSIS. 

XiangMing  Fang.  Qixing  Chen,  HaiHong  Wang,  Shuijing  Wu,  The  first  affili¬ 
ated  hospital.  School  of  Medicine,  Zhejiang  University,  Hangzhou,  China 
Introduction:  Sepsis  is  a  clinical  syndrome  characterized  by  systemic  inflamma¬ 
tory  reaction.  Recent  studies  identified  that  vagal  nerve  served  as  an 
im  mu  nomodulator  in  inflammatory  diseases.  Stimulation  of  vagal  nerve  atrenu- 
aces  the  production  of  proinflammaroiy  cytokines,  inhibits  the  inflammatory 
process  and  improves  survival  in  experimental  medels  of  sepsis.  This  anti-inflam¬ 
matory  pathway  is  mediated  by  the  alpha  7  nicotinic  acetylcholine  receptor 
(CHRNA7),  which  indicates  that  CHRNA7  is  a  candidate  gene  in  genetic  study 
of  sepsis.  Hypothesis:  This  study  is  to  investigate  whether  the  promoter  poly¬ 
morphisms  within  CHRNA7  influence  the  clinical  course  of  severe  sepsis. 
Methods:  Severe  sepsis  was  diagnosed  based  on  SCCM/ACCP  criteria.  The  - 
1313A/G  and  -1512T/G  variations  were  genocyped  in  186  patients  with  severe 
sepsis  and  326  matched  healthy  controls  by  means  of  PCR-RFLP.  Results:  I'he 
genotype  frequency  of -1313A/G  in  patients  with  severe  sepsis  was  AA  40.9%, 
GA  43.5%  and  GG  15.6%.  comparable  to  that  of  AA  38.1%,  GA  43.4%  and 
GG  18.5%  in  controls  (p>0.05,  Fishers  exact  test).  The  genotype  frequency  of  - 
1512T/G  in  patients  with  severe  sepsis  was  TT  77.4%,  GT  19.9%  and  GG 
2.7%,  similar  to  that  of  TT  74.5%,  GT  24.3%  and  GG  1,2%  in  controls 
(p>0,05.  Fishers  exact  test).  Meanwhile,  there  was  no  significant  dHTcrence  in  the 
allelic  frequency  of  these  two  SNPs  in  the  defined  groups.  Furthermore,  when 
the  patients  with  severe  sepsis  were  divided  into  survivors  and  non-survivors,  nei¬ 
ther  -1313A/G  nor  -1512T/G  contributed  to  the  fatal  outcome  of  severe  sepsis. 
Logistic  regression  analysis  also  demonstrated  that  the  two  promoter  polymor¬ 
phisms  were  nor  independent  factors  for  the  susceptability  to  and  fatal  outcome 
of  severe  sepsis.  Conclusions:  These  findings  show  that  the  promoter  polymor¬ 
phisms  of -1 3 1 3A7G  and  -1  5 12T/G  in  CHRNA7  are  not  associated  with  severe 
sepsis,  and  may  not  serve  as  genetic  markers  for  severe  sepsis. 
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EFFECT  OF  HEMORRHAGIC  SHOCK  ON  THE  MICROGLIAL 
RESPONSE  AFTER  TRAUMATIC  BRAIN  ESIJURY  IN  MICE. 

David  K  Shellington.  Jennifer  Exo,  Keri  Feldman,  Vince  Vagni,  Robert  Clark, 
Michael  J  Bell,  Larry  Jenkins,  Patrick  M  Kochanek,  Safar  Center  for 
Resuscitation  Research,  Pittsburgh,  PA 

Introduction:  Hypotension  is  a  common  secondary  insult  after  traumatic  brain 
injury  (TBI)  and  is  associated  with  poor  outcome.  We  previously  reported  that 
hemorrhagic  shock  results  a  -6-fold  increase  in  hippocampal  neuronal  death  in 
CA)  after  controlled  cortical  Impact  (CCl)  in  a  mouse  model  of  TBI.  HS  may 
alter  the  inflammatory  response  to  TBI  by  modulating  microglial  activation 
which  could  either  exacerbate  damage  or  enhance  neuroproceccion.  Hypothesis: 
HS  influences  the  microglial  response  to  TBI.  Methods:  Isoflurane  anesthetized 
C576L6  mice  were  subjected  to  either  HS  (2cc/100g,  MAP  35-40  mmHg)  for 
90  min.  unilateral  CCI,  or  combined  injury  (CCI+HS).  After  90  min  of  HS, 
MAP  was  maintained  >50  mmHg  for  30  min  with  Hextend,  followed  by  rein¬ 
fusion  of  shed  blood.  Mice  were  killed  at  7  days  post-injury.  Microglia  were 
quantified  (ImageJ  software,  NIH)  in  brain  sea/ons  in  ipsilateral  and  contralat¬ 
eral  CAJ  and  CA3  hippocampus  using  FITC  labeled  anti-Iba-l  antibody. 
Results:  HS  alone  produced  no  change  in  the  number  of  microglia  vs  naive  con¬ 
trols.  See  Table.  CCI  Increased  the  number  of  microglia  bilaterally;  ipsilateral  > 
contralateral.  The  increase  in  ipsilareral  microglia  produced  by  CCl+HS  was  not 
significantly  different  from  that  produced  by  CCI  alone.  Conclusions:  HS  alone 
did  not  increase  the  number  of  microglia  in  mouse  brain,  while  CCI  results  in  a 
marked  microglial  response.  After  CCI,  the  microglial  response  was  not  aug¬ 
mented  by  HS,  despite  markedly  greater  neuronal  death.  Thus,  a  level  of  HS  that 
augments  neuronal  death  after  TBI  does  not  augment  the  microglial  response. 
We  speculate  that  HS  may  blunt  an  endogenous  neuroprocective  effect  of 
microglial  aaivacion  at  7d  after  TBI,  Support:  US  Army  PR054755W81XWH- 
06-10247  and  NS30318  and  NS38087 

Table.  Number  of  microglia  per  200x  field  in  CAl  and  CA3 
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CHRONIC  COGNITIVE  DEFICITS  AND  HEMISPHERIC 
ATROPHY  ARE  ASSOCIATED  WITH  EITHER  CONTUSIVE  OR 
NON-CONTUSIVE  CLOSED  HEAD  INJURY  IN  THE  IMMA* 
TURERAT. 

Timmy  Huh,  Critical  Care.  CHOP,  Philadelphia,  PA;  Ramesh  Raghupachi, 
Ncurobiology/ Anatomy,  Drexel  University,  Philadelphia,  PA 

Introduction:  Brain  trauma  in  infants  and  young  children  lead  ro  long-term 
cognitive  deficits  rhat  are  associated  with  either  focal  contusions  or  diffuse 
lesions.  Our  purpose  was  to  understand  mechanisms  underlying  chronic  cogni¬ 
tive  deficits  following  focal  or  diffuse  closed  head  injury  in  the  immature  rat. 
Hypothesis:  Focal  (conrusive)  closed  head  injury  will  lead  to  chronic  cognitive 
deficits  and  a  focal  brain  cavity,  while  diffuse  (non -conrusive)  injury  will  lead  to 
chronic  cognirive  deficits  and  diffuse  brain  atrophy.  Methods:  Anesthetized 
post-natal  day  I  1  rats  (neurological  ly  a  toddler)  were  subjected  to  an  impact  (5 
m/sec,  3  mm  depth)  on  the  intact  skull  over  the  left  parietal  conex  (n=  4 
injured/injury  type/time  jxjint  for  histology:  n=  10/injury  type  and  10  uninjured 
for  behavioral  analysis),  with  either  a  metal  or  a  silicone- tipped  indenter  which 
produce  conrusive  or  non-contusive  brain  injury,  respeaively.  Results:  By  6  hr 
to  3  days  following  contusive  injury,  neurodegeneration  and  gliosis  were 
observed  in  all  layers  of  the  ipsilateral  cortex  under  the  impact  site  along  with 
neurodegeneracion  in  the  hippocampal  dentate  hilus  and  extensive  traumatic 
axonal  injury  in  the  white  matter  and  thalamus.  A  similar  pathology  was 
observed  following  non-contusive  injury,  except  in  the  cortex  where  sporadic 
neurodegeneration  was  noted.  By  3  to  7  days,  neurodegeneration  in  the  ipsilat¬ 
eral  thalamus  and  axonal  degeneration  in  the  white  matter  were  observed  in  all 
injured  animals.  At  2  weeks,  injured  animals  exhibited  diffuse  conical,  white 
matter,  and  hippocampal  atrophy  in  the  injured  hemisphere  and  was  associated 
with  learning  and  memory  deficits  (p  <  0.05).  In  addition,  Impact  with  a  metaJ 
tip  also  resulted  in  a  smaJi  but  overt  focal  lesion.  Condusioos:  Our  results 
demonstrate  that  regardless  of  rite  mechanism  of  the  initial  impact,  trauma  to  the 
immature  brain  resulted  in  chronic  diffuse  brain  atrophy  and  cognitive  deficits. 
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CEREBROSPINAL  FLUID  ATP  LEVELS  ARE  ELEVATED  IN 
PATIENTS  WITH  NONTRAUMATIC  INTRACRANIAL  HEM¬ 
ORRHAGE. 

Paul  1  Riesenman.  Christclle  D  Douillet,  Peter  M  Milano,  Preston  B  Rich, 
Surgery,  University  of  North  Carolina,  Chapel  Hill,  NC 

Introductton:  ATP  and  other  nucleotides  are  released  from  many  cell  types  into 
the  extracellular  milieu  in  response  to  stress.  ATP  stimulation  of  purinoceptors  is 
important  to  cellular  homeostasis  and  neu retransmission,  although  disregulation 
of  purine  signaling  has  been  implicated  in  pathologic  processes  such  as 
vasospasm  and  gliosis.  ATP  levels  in  the  cerebrospinal  fluid  (CSF)  of  parienrs 
with  acute  intracranial  pathology  arc  poorly  defined.  Hypothesis:  We  hypothe¬ 
sized  that  ATP  is  elevated  in  the  CSF  of  patients  with  nontraumacic  intracranial 
hemorrhage.  Methods:  Seven  patients  had  CSF  samples  obtained  at  the  time  of 
intraventricular  drain  placement  for  nonrraumacic  intracranial  hemorrhage. 
Specific  etiologies  included  intraventricular  hemorrhage  (n=l),  intraparenchy- 
mal  hemorrhage  (n=2),  and  subarachnoid  hemorrhage  (  n=4).  Eight  parienrs 
undergoing  spinal  anesthesia  for  elective  surgical  procedures  provided  CSF  sam¬ 
ples  which  served  as  controls.  Samples  were  analyzed  for  ATP  by  luciferin- 
luclferase  luminometry  Additionally,  other  markers  of  brain  cellular  injury  (neu¬ 
ron  sp>ecific  enolase  (NSE),  SIOOB,  and  8-Isoprostane)  were  measured  by 
immunoassay.  Student's  t-tesr  was  used  to  compare  means.  Values  are  expressed 
as  mean±standard  error  and  rwo-tailcd  p  values  are  reported.  Results:  CSF  ATP 
levels  were  significantly  elevated  in  patients  with  intracranial  hemorrhage  com¬ 
pared  ro  controls  (123±45  vs.  3±3  nM.  p=0.0I).  Additionally,  NSE  and  8- 
Tsoprostane  levels  were  also  significantly  elevated  (89±29  vs.  8±2  pg/L,  p=0.01 
and  34±8  vs.  J0±9  pg/mL,  p=0,02  respectively)  Elevations  in  SlOOB  did  not 
reach  statistical  significance  (1 10,6±78  vs.  0.5±0.2  ng/mL,  p=0.12).  No  signifi¬ 
cant  linear  relationships  between  elevations  in  ATP  and  NSE,  SlOOB,  or  8- 
Isoprostane  were  observed.  Conclusions:  ATP  is  elevated  to  physiologic  relevant 
levels  in  the  CSF  of  patients  who  exjxrience  nontraumatic  intracranial  hemor¬ 
rhage.  These  elevations  in  ATP  parallel  other  markers  of  brain  cellular  injury.  The 
role  of  ATP  in  aggravating  or  mitigating  cell  injury  in  this  setting  remains  to  be 
defined. 
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Reference  18.  Proceedings  from  the  NINDS  Neurological  Effects  of  Blast  Injury  Workshop. 


Emergent  Potential  Treatments  for  Blast-Induced  Neurotrauma 

Patrick  M.  Kochanek,  MD,  Robert  S.B.  Clark,  MD,  C.  Edward  Dixon,  PhD,  Robert  Garman, 
DVM,  Hulya  Bayir,  MD,  Valerian  Kagan,  PhD,  Edwin  K.  Jackson,  PhD,  Richard  Bauman,  PhD, 
Joseph  Long,  PhD,  Steve  Parks,  David  Shellington,  MD,  Jennifer  Exo,  MD,  and  Larry  Jenkins, 
PhD 

Safar  Center  for  Resuscitation  Research,  Depts.  of  Critical  Care  Medicine,  Neurological  Surgery, 
Pediatrics,  Environmental  and  Occupational  Health,  and  Center  for  Clinical  Pharmacology, 
University  of  Pittsburgh  School  of  Medicine,  Pittsburgh,  PA,  15260,  Operations  Research  and 
Applications,  Fredericksburg,  VA,  and  Walter  Reed  Army  Institute  for  Research,  Bethesda,  MD 

Acute  therapeutic  approaches  to  blast-induced  traumatic  brain  injury  (TBI)  target  key  aspects  of  a 
complex  secondary  injury  cascade.  Five  factors  must  be  considered,  namely,  1)  facets  of  TBI  that 
are  generally  common  across  all  forms  of  injury,  2)  unique  pathophysiological  features  of  blast- 
induced  TBI,  3)  extracerebral  insults  (shock/polytrauma)  that  may  complicate  the  injury,  4) 
severity  of  the  insult,  and  5)  dose  response  and  brain  pharmacodynamics/kinetics.  In  addition, 
any  acute  therapeutic  approach  must  account  for  critical  temporal  factors  that  influence  the 
potential  implementation  of  treatments  in  the  field,  emergency  department,  operating  room,  and 
ICU  settings.  Conventional  facets  of  TBI  that  represent  therapeutic  targets  include  categories 
such  as  neuronal  death,  excitotoxicity,  edema,  axonal  injury,  oxidative  stress,  mitochondrial 
damage,  ischemia,  and  inflammation,  synaptic  injury,  and  disturbances  in  cell  signaling,  among 
others.  Although  much  remains  to  be  discovered,  preliminary  data  suggest  that  several  aspects  of 
TBI  pathophysiology  are  of  special  importance  in  blast-induced  neurotrauma — ^particularly  in  the 
setting  of  severe  injury —  including  malignant  edema,  vasospasm,  axonal  injury,  and  intracerebral 
hemorrhage.  It  also  must  be  recognized  that  any  new  therapies  will  be  superimposed  upon  the 
current  treatment  regimen,  which  for  severe  blast-induced  TBI  is  substantial,  while  for  mild  blast- 
induced  TBI  is  limited.  Two  overarching  approaches  to  therapy  of  blast-induced  TBI  will  be 
discussed,  namely,  therapies  that  have  been  shown  to  have  promise  in  conventional  experimental 
models  of  TBI,  or  phase  I-II  clinical  trials.  These  therapies  represent  “low-hanging  fruit, ''should 
be  prioritized  taking  into  consideration  the  aforementioned  unique  pathophysiological  aspects  of 
blast  TBI,  and  tested  in  emerging  experimental  models  of  blast-induced  TBI.  In  parallel,  more 
speculative,  but  potentially  higher  yield  targeted  therapies  should  be  explored,  preferably,  via 
high-throughput  screening,  in  rodent  models  of  conventional  or  blast  TBI  (across  injury  levels, 
gender,  and  with  and  without  shock/polytrauma).  And  the  most  promising  agents  should  be 
advanced  from  rodents  to  large  animal  models  of  blast-induced  neurotrauma  and  clinical  trials. 
Also,  although  there  may  be  many  shared  mechanisms  across  injury  levels  in  blast  neurotrauma, 
optimal  therapies  for  mild  and  severe  blast-induced  TBI  are  likely  to  differ.  In  addition  to 
conventional  approaches,  a  number  of  novel  therapeutic  approaches  should  also  be  explored 
including  agents  that  target  specific  subcellular  compartments  (such  as  mitochondria),  new 
delivery  systems  (such  as  nanoparticles  targeting  microglia/macrophages),  acute  application  of 
cellular  therapies,  and  new  hemoglobin-based  resuscitation  fluids,  among  others.  With  the  most 
promising  therapies,  some  effort  will  be  necessary  to  evaluate  them  in  models  that  include 
various  aspects  of  standard  therapy.  Given  the  complex  nature  of  the  secondary  injury  cascade  in 
blast  neurotrauma,  combined  therapies  are  also  likely  to  be  necessary  to  optimize  outcome, 
particularly  in  the  setting  of  severe  injury.  Finally,  therapeutic  strategies  should  set  the  stage  for 
optimal  rehabilitation/regeneration/re -wiring,  in  a  continuum  of  care  that  goes  from  the  field  to 
rehabilitation.  This  overall  approach  to  therapy  development  and  selected  specific  examples  of 
promising  approaches  in  each  category  will  be  discussed. 
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CASK  t:ONTROI  STlfnV  ON  DKCOMPRKSSIN  K  CKANIKC  rOMV  IN 
CHIKDRKN  V\n  H  1  RAUMATIC  BRArN  INJCUV 

Jitn)  If  Cl  strg,  Sniiii.(\'  ('ntuiif  A^hirv  Di  Attihry  ShihdUt.  Vluhclc 

Moiii,  (hu-r\iiu  rii)n 

'The  lfo\{>ifal  (nr  Sx'k  Chthhen  Onnuin.  C.<in<uht.  EtiKmus  lh)i\'tr 

M/v,  Ri>!fenkuii  Sithcrlands 

Objectives:  Decomprcj-vive  ci:iiiit;cioniy  (UCt  1\ 4 lowing  nuuiiintiv  bmin  injury 
(  IHJi  is  pcrrormi'd  u>  ccacu^jic  hcina(i»inas  and  to  relieve  mtraeianial  |>rcssnre 
that  may  c<»nij>riimi.'vi:  viable  brain  li'^siie.  J  he  mdicailoiis,  tyjx-.  and  itniin^  vaiy 
het\AeLn  ccTiiet'..  con'ipliLalion^  atirihuuhlc  Ui  DC  ate  iepr>rteii  uOv  taro  Imii  111:13 
lia^'c  ^crU'U*;  itnpticain'hs  >jvceir«.alK  in  ynunf!  eliddren  and  nviy  jirorotindly  mod- 
(f\  the  Icngih  nl  ejie  anil  roei'veiy.  \Vc  liypi'thcsi/cd  dial  [he  odds  id  develop' 
in^  inicciious  complieahons  in  children  vv[>ald  be  diflereiil  between  ehildren 
Heated  uiih  DC  lor  TBl  eumpaied  i<'  noii'TOI  indications, 

Methixts;  \\e  jicrloi mod  a  ca<e  etinirol  study  K' eharaeieri/e  the  uoniphcaiioiis 
and  ouieonies  o(  childien  who  required  admission  Kv  (he  pediuiiic  iinensive  tare 
unit  iblCU)  and  were  ireaied  with  DC  assoc  laied  wiih  IB  I,  Atnone  ^('5  craniee 
loniics  reeisk'icd  in  the  surgK:il  dai abase  of  ihe  Hospital  Tor  Sick  Childici)  bc- 
(ween  2001  and  20()o.  we  identified  eSd  subjects  ad  mi  lied  u>  OK  C  among  whieh 
caves  underwent  DC  assosiaicd  with  fHl  1  or  eveiy  I  Bl  case,  iliiee  controls 
w'ere  selected  and  malched  ioi  age  ariione  ctdlihen  who  underweiii  DC  (in  ur¬ 
gent  indicaiions  viich  a^  stroke,  lumoi  v.  vascular  nKiKoiivianonx  Primaiv  iuitcomc 
vva.'  the  over.'.ill  incideticc  rate  ot‘ complication^;  secondary  ouicomcs  weie  imio 
10  developing  an  iideciion.  nine  tiv  disciuitJiminc  rneehanieal  vcntdarion,  time  to 
hosjiiud  discharge,  and  emteomes  I'dalcd  in  ibe  pnniary  disease  such  as  hydio- 
ceplialiis  and  lunctiojial  outcome  (K  P(‘  A  POPCi. 

Ke^ull.«::  Among  ihe  45  eases  of  J'BI  adiTiiiied  to  PIC'U  Healed  vviih  DC.  2('  had 
severe  TBl  < Best  GCS  <  0|.  42  survived  1.^  subjects  who  died  had  a  Ivsl  CCS 
td  -D,  AnitMig  sorvivois;  one  palicnl  devtlo|y;d  nieiunsitiv,  while  almost  a  third 
had  othci  infections  related  t(’  either  inevhanieal  ventilaiiou  or  wound  inlections. 
AU  Mitvivoi>  were  discharged  with  a  CiCS  ol  |4  (ip  15  had  CCS  1,5).  none 
were  veget.irive.  nor  rcqtined  a  irueheostiuny.  hs'g  of  survivors  had  a 
PCPC/l’OPC  iT  OT  above  i  e..  favourable  ouieome  on  hospital  discharge.  Odds 
id'  developing  infecfions  cotnpUeaiions  were  not  related  to  the  ifidication  of  the 
DC  bur  10  ihc  overall  length  of  stay. 

Ciuichivions.  Complications  assi'ciatcd  with  DC'  am  rau’  and  cl)ildix;n  wlvo  un¬ 
de  1  go  decompressive  ci anicetiiniy  following  TBl  have  favoiuahle  rvutconio.s. 
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RRSUSCITAT/ON  OF  COMBrNKD  TRAL  MATrC  BRAIN  INJCRV  AND 
IIFAIORRHACIC  SHOCK  WITH  POr  YMTROXVK  ALBUMIN:  KFFFC  I  ON 
FI.UII)  RKOfJTREMKNTS,  BLOOD  PRFSSURK.  SLT^VJVAL  AND  M:U- 

ropatholocv 

Jitinkei  .  OuviA  .y/iW/hig/oji Vincon  keti  I-fidwun'  Li  Site,  L'arhim 

H\uv.  kuheif  C'hnk'.  fhtlyti  tt/n/r\  Lti/rv  Jenkins',  C  Ldieord  Toirtek 

Kt>r  JiiuifL' 

' i'/n'iYrs>r\  r>f/'t[ishnryhSi  h<>olofM,'{hi  iin\  ruishui^^h.  LA.  TniieJ  Suiir.\  'S}nZMnt' 
Ll'i  luudoyiiw  fn  i/it  CA.  I  humi 

fiutcniiie  aftL'i  initimatic  brain  mjui’v'  fTBl)  iv  worsened  hv  ticniiaTbagic  vhuck  IMS), 
lull  Ihe  opiincil  resuscitaliiMi  approach  lernaiii.s  uikleai  ’llic  .S.Afn  vtudy  iPinrcr.  TtKD) 
ideniificd  liighei  niortalily  rales  in  TBl  patienk  trealcd  vv iih  albumin  vs  nnrinai  sahiic 
The  novel  loJIoid  pi'iynUrovvd  albumin  (PNAl  is  composed  of  ati'umin  wjih  Nl  imva- 
li-nily  linked  nitoisule  aruUxviduni  riiineiie'>.  and  is  pivueciwe  m  modeb  ol  MS.  stroke, 
ami  cerchral  bonioirhagf.  C^Urremly  used  HiikIs  include  laclatcd  Ktiieoiv  tl.K).  die  rivil. 
Kin  siinidard.  lli  xiend  (HXj  the  inilitaiy  '‘taridaid.  and  hv'pertonic  I  .saline  VVe  tested 
the  l»\potiiesis  ttijl  jvsuscitaht'n  with  PNA  k  a.|Uat  or  sujknoi  to  tesiisc nation  with 
ll.X.  LR  01  3b  alter  Ifil  i  MS  Koflumnc  ancsiheiiced  C57tiLf  niiee  fn  “  30)  undcr- 
w'cm  I <111(1  oiled  coiiK:i)  miji::i(.t  lolhwved  by  4f)  mm  of  HS  ( 2.0ml 7 f3tt'v  bl<«id 
^olulncl,  MAPI'  TSmniHgv,  Ahei  HS  mice  weiv  landonuzed  t<'  iL'\useiiauoii  wuh 
I.R,  IfX.  H.A  ta  PNA  HS  was  loliowed  hy  30  min  of  test  flmil  aitminiviraliim  larcel- 
ing  MAP  50  inmilg  fpi'e-lvwpnal  phascK  .Shed  Mo<xl  was  rc-inboed  .md  MAHP  > 
70  inmllg  larccted  Ihospual  phai^e),  MABP  m  each  j'haM.'.  ainouni  of  Ouul  required.  7d 
surciwd,  and  lnpp<vc;impid  f  ,A  I  and  C  A,7  neiinm  cnunO  uciv  asscsscil.  I'ticie  was  no 
dilTi'ienee  hr*  1  ween  groups  in  MABP  at  rhe  end  of  HS,  However,  pre  luwpilal  MAUP 
was  higher  in  PNA  and  JIX  (both  p  <  0,05  vs  l,R  or  3b,),  Fluid  ivquireinenrs  in  ihe 
pre  hospilaf  phase  were  less  in  P\'A  and  HV  (0  10  H  0.02  and  t),24  a;  0.07inl,,  re- 
sixHiiveh  K  fhithp  <  0.05  vs  LR  (0  05  .±  o  44niLloi  .V'i  (0  57  a  ().34inlJ.  7d  suivival 
was  higliesi  with  I’NbA  i0/7i  vs  0,^51, R.  3/8  HX.  01  4/7  T,'.i  ^  hut  Mils  w.is  noi  ^ignitwaiit 
p  ■—  (  \  2t)7  I jVM lateral  hi|ipoLam|ial  CA  I  oeiiroii  loss  ivs  conmilateral)  disi  1101  differ  be 
tween  groups  (LR  32  t  18b.  HX  37  ±  lOb.  3b  .30  i  I8b,  and  PNA  3o  ±  14b.;i 
O.V  I  ),  Ipsdaiei  .d  liippot-ainpiil  CA3  neuron  loss  did  n(>t  <lil  Icr  hot  ween  gnmps  I  f  .R  23  ,r 
22b.  U\  14  ‘  ISb,  3<4.  13  '  '3l)'4.  PNA  12  '  25‘  t.  O.Soi.  PNA  exlnluied  la- 
vorahle  effects  on  alt  acule  resusciiatU'n  paraiiielers  vs  eilJier  I.R  01  3^,'r  in  TBl  4  HS. 
and  was  (.i.mpjirahle  lo  HX  kesii.sciratu'n  wiib  PNA  did  n<it  influence  Juppoe.irnj^al 
neuronal  survival.  Our  data  suggest  tlui  PN.A  confers  asulc  benefit  w'ith<'u(  deleienous 
eltects  alter  cxunbined  TB[4'H.S-  Further  studies  are  uiulerway  assessing  die  effect  of 
thc.se  ihcrapios  on  ICP.  Oslcnta.  ovidalivc  stmss.  and  cognitive  outcome, 

Suppon:  US  Anny  PR054755  W8IXWH-O6-)0247;  1-32  HD  040686 
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SKLECTIN  K  BRAIN  COOLING  A  r  i  KNLA  I  K.N  ELKVA  I  KD  IN  I  HA- 
CRANIAL  PRESSURE  INDUCED  BY  PENETRATING  HALLIS TIC-I JKE 
BRAIN  INJURY  IN  RATS 

BV-'j.  Kianjiiny  Yiiny.  Lnink  C  Ti>ru’ih).  Xi-(.'hun  M  Lu 
Wither  Reed  ,'\;vny  Insiilulf  of  Heacitu  h.  Stiver  Sktiny.  Ml>,  UeHed  ,S //</•.  v 

I'lcviition  ol  iiUMcramal  jiresMue  (K'P)  billowing  li  junialic  brain  iniury  (TBl)  is 
highly  assfwutsM  with  juior  prognosis.  Whole  body  hyps'ihernua  has  been  con- 
si  dert'd  clniically  ;is  ;i  noji-plutnnucological  strategy  to  reduce  TBl -induced  in¬ 
crease  in  ICP.  but  ^ir  the  risk  of  nuroducinc:  svsiemic  s«lc  sTtcci.s.  In  this  study 
w'c  achieved  selcciivo  biain  cooling  (SBC)  by  cxiralnniinal  cooling  of  the  bilat- 
er;il  ct'inmon  carol  id  an  cries  iCCAi  and  evammed  its  ellivis  on  the  inLTC.iiC  ni 
ICP  in  a  rat  model  (i|‘ penetrating  ballistic  like  brain  injury  (PBB I j,'l'he  lime  course 
of  ICP  alis'i  PBHI  III  sham  suigcry  was  nuinilored  in  isofluranc  anae.siheiized 
rats.  In  a  separate  group  of  ral.s.  SBC'  siaited  immediately  after  injury  ti  e  within 
I  mini  lowered  bvam  icmjveratme  '~3'’C  l>olow'  normal  kkcU  within  .30  min.  Brain 
cooling  w.is  maintained  lor  2  h  belonj  .sponutnetuis  rc-vvai  ming  vv  js  allowed.  The 
ICP  and  hiain  lempcriiiure  of  all  animals  were  motutorcrl  coimniuiiisly  for  (he 
iituial  S  b.  and  ogain  kii  5  u'in  daily  foi  7  days.  The  results  shovved  that  imme¬ 
diately  loilowing  PBHI  the  ICP  increased  sfcadily  and  peaked  at  24  h  posl-injury 
ro  4.\  tbs'  baseline  k^vel.  Suliscqiicntly.  ICP  graJnally  recovvicd  and  icHUTis'd  to 
the  normal  hy  day  4  post -injury  However,  m  rats  subjs\  ied  Ui  2  h  SBf'  the  ele- 
v'aiitin  In  K'P  was  .significantly  aiiennaied.  I’hcse  results  tndiciite  (hat,  in  ihe  ab¬ 
sence  of  a  criinioiortvy,  acme,  rapid,  and  selective  induction  <if  brain  hyjioibcrtuia 
has  sustained  Ixmeficial  elfecis  on  elevated  ICP.  which  may  provide  a  iherupcu- 
tic  siihstraie  ti'  facilitate  luHiroprotcction  aiul  impiovc  recovery  bom  a  PBBI, 


Table.  Effect  of  SBC  on  PBBI  Induced  ICP  Elevation  fn  Rats  (Mean  ttSD) 


Groups 

tCP 

(mmHg) 

Basoitne 

5  mtn 

3  h 

24  h 

■i8h 

72  h 

Shorn 

(n^tt) 

6-/±  1.0 

6.3  t  2,1 

654  33 

96-2,9 

9  6  !:  2-3 

106-33 

PBBI 

(n=l2) 

7  5±  1  6 

104  Jt 

3.3** 

19  4  *5.5" 

37  2  ± 

10.4" 

30  4  T 

9,0" 

236x6.3" 

PBBI-$S 

C(n-t4) 

i  1.8 

100  t 

38 

12.8431' 

20  8  .  6  7  * 

20.6  J 

9  3* 

1 7  5  6  0 

"  Pep.P)  compared  wiiti  sham  grot^.  #  pO  05.  #  »  p<0  03  ca^parad  with  PBB>  group 
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EFFFXTS  OF  LIPID  PEROXIDA  I  ION  INHIBI I  ION  ON  C  ALPAJN-MR- 
DIATEO  eVTaSKELETAL  DEGRADATION  AFTER  TBl 

Amiuiii  Mttslufii.  Kimheri\  Citrriar  Shphonif  77;ou700Ji,  hdu  orj  Nall 
Cnnersity  0/  ReiiiiiLkw  Lt.xirn:ioit.  AT.  ihtiied  Sfote.s 

l.ijud  jicnividation  is  a  maioi  lorm  of  oxiJaiive  damage  tbai  takes  place  early  af¬ 
ter  irauinaue  brain  injury  (  fill)  Data  from  our  lab  show  that  lipid  jser^nidation 
in  conical  tissue  peaks  at  I  hr  post  controlled  cortical  impact  (CCD-TBI  in  CFI 
mice  ;ird  rentams  signilicJiiUty  increased  over  12  hrs  after  injury  (Deng,  et  a! 
FAp  Neurol.  2(Xt7  May;2(l.’'(  1 1.1.54-65)  L.ipid  jieroxidaiion  is  suggested  ui  con¬ 
tribute  (o  p<isi-TBl  calpain-mcdiated  cyKiskelebd  (o-specinn.  2H()  kDa)  (k-’gr;ulj- 
lion  ih.ii  culminates  in  neuronal  danuigc  and  neurologicjl  delicit  alter  TBl.  De¬ 
tection  of  sj)eciiiri  breakdown  jiroducis.  the  145 -kDa  fragment  in  panlcular.  is 
used  :o  esimiaie  ealpain- media  ted  cyioskeleial  degrndaiioii  since  it  provides  a 
csinvemeni  bioinarker  of  ps>st  irjiimatie  ealpain  acuvation  (Pineda,  ct  al.  J  Ncn- 
rolrauim.  20tM  Oci;2 1  f  JO);  1443'.S6).  1  he  aim  ol  this  siudy  wa.s  to  furOier  deline 
the  r<ik’  of  lipid  jKriixidation  after  TBl  Using  (he  jiotcnt  lipid  peixixidation  in- 
bihiior  L'-8  38,361-  (Hall,  s'l  al,  i  Plurmaeol  nx|>  Thcr,  19^)1  Aug:2.5S(  2).688-d4) 
The  study  investigated  the  ability  of  U-8.38,3(ir;  to  ameliorate  caljiam-mediaied 
eyioskeloial  (legradaiion.  Mule  CFI  mice  were  landoini/ed  into  sham,  saline 
treated  and  U-83S.16E  Healed  fO.I.  0  3.  Id.  3.0.  10  0.  ;ukI.  3(),0  mg/kgi  groups. 
I’he  sham  gri'up  ivceived  only  cianiutomy  with  no  lunher  licaimenl.  whereas 
both  saline-  and  lJ-8 38 36F, -treated  groups  received  ciaiiiotomy  and  w\oe  ^nb' 
jected  to  sevem  (1,0  mm  impact  depth)  CCI-TBI  iollowed  by  I  V  (tail  vein)  in¬ 
jection  of  the  assigived  treatment  15  minutes  post  injury  The  levels  ol  calpam- 
inediaied  cytoskeleial  rkgradation  prmlucts  were  significantly  increased  in  iniuied 
conical  tissue  at  24  hrs  post -injury  (9.5{)d,  over  sham).  U'8-3836B  produced  0 
dose  relatetl  aiiemiaiion  of  sjx's'trtn  degradation  compared  to  vehicle  ircarnicin 
The  best  dose  (3.0  mg/kg j  i educed  the  levels  (d  the  caljvatn  spccilic  1 45-kr)a  frag 
incni  hy  70'rY  (p  <  0  (l5>Thc  lindmgs  inilicatc  that  lipid  peroxidation  is  an  early 
event  that  cotiiribuie  to  post -TBl  ealpain  activation.  Currently  we  arc  using  the 
Itcsr  Jose  (3  n  mg/kg)  to  determine  U-838.36K  iherapcunc  tune  w  indow  for  de¬ 
creasing  caljialii-inediaied  cytoskeleial  degradation  aficr  CCI-TBI. 

(funded  by  |R()INS046566  and  I  P.30  NSOS 1220) 
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Reference  20.  Proceedings  from  the  26*^  Annual  National  Neurotrauma  Symposium 


Pathophysiology  guided  therapeutic  approaches  to  blast-TBI  and  polytrauma 

Patrick  M.  Kochanek,  MD,  Robert  S.B.  Clark,  MD,  C.  Edward  Dixon,  PhD,  Robert  Garman, 
DVM,  Hulya  Bayir,  MD,  Valerian  Kagan,  PhD,  Edwin  K.  Jackson,  PhD,  Richard  Bauman,  PhD, 
Joseph  Long,  PhD,  Steve  Parks,  and  Larry  Jenkins,  PhD 

Safar  Center  for  Resuscitation  Research,  Depts.  of  Critical  Care  Medicine,  Neurological  Surgery, 
Pediatrics,  Environmental  and  Occupational  Health,  and  Center  for  Clinical  Pharmacology, 
University  of  Pittsburgh  School  of  Medicine,  Pittsburgh,  PA,  15260,  Operations  Research  and 
Applications,  Fredericksburg,  VA,  and  Walter  Reed  Army  Institute  for  Research,  Bethesda,  MD 

Acute  therapeutic  approaches  to  blast-induced  traumatic  brain  injury  (TBI)  target  key  aspects  of  a 
complex  secondary  injury  cascade.  Five  factors  must  be  considered,  namely,  1)  facets  of  TBI  that 
are  generally  common  across  all  forms  of  injury,  2)  unique  pathophysiological  features  of  blast- 
induced  TBI,  3)  extracerebral  insults  (shock/polytrauma)  that  may  complicate  the  injury,  4) 
severity  of  the  insult,  and  5)  dose  response  and  brain  pharmacodynamics/kinetics.  In  addition, 
any  acute  therapeutic  approach  must  account  for  critical  temporal  factors  that  influence  the 
potential  implementation  of  treatments  in  the  field,  emergency  department,  operating  room,  and 
ICU  settings.  Conventional  facets  of  TBI  that  represent  therapeutic  targets  include  categories 
such  as  neuronal  death,  excitotoxicity,  edema,  axonal  injury,  oxidative  stress,  mitochondrial 
damage,  ischemia,  and  inflammation,  synaptic  injury,  and  disturbances  in  cell  signaling,  among 
others.  Although  much  remains  to  be  discovered,  preliminary  data  suggest  that  several  aspects  of 
TBI  pathophysiology  are  of  special  importance  in  blast-induced  neurotrauma — ^particularly  in  the 
setting  of  severe  injury —  including  malignant  edema,  vasospasm,  axonal  injury,  and  intracerebral 
hemorrhage.  It  also  must  be  recognized  that  any  new  therapies  will  be  superimposed  upon  the 
current  treatment  regimen,  which  for  severe  blast-induced  TBI  is  substantial,  while  for  mild  blast- 
induced  TBI  is  limited.  Two  overarching  approaches  to  therapy  of  blast-induced  TBI  will  be 
discussed,  namely,  therapies  that  have  been  shown  to  have  promise  in  conventional  experimental 
models  of  TBI,  or  phase  I-II  clinical  trials.  These  therapies  represent  “low-hanging  fruit ''should 
be  prioritized  taking  into  consideration  the  aforementioned  unique  pathophysiological  aspects  of 
blast  TBI,  and  tested  in  emerging  experimental  models  of  blast-induced  TBI.  In  parallel,  more 
speculative,  but  potentially  higher  yield  targeted  therapies  should  be  explored,  preferably,  via 
high-throughput  screening,  in  rodent  models  of  conventional  or  blast  TBI  (across  injury  levels, 
gender,  and  with  and  without  shock/polytrauma).  And  the  most  promising  agents  should  be 
advanced  from  rodents  to  large  animal  models  of  blast-induced  neurotrauma  and  clinical  trials. 
Also,  although  there  may  be  many  shared  mechanisms  across  injury  levels  in  blast  neurotrauma, 
optimal  therapies  for  mild  and  severe  blast-induced  TBI  are  likely  to  differ.  In  addition  to 
conventional  approaches,  a  number  of  novel  therapeutic  approaches  should  also  be  explored 
including  agents  that  target  specific  subcellular  compartments  (such  as  mitochondria),  new 
delivery  systems  (such  as  nanoparticles  targeting  microglia/macrophages),  acute  application  of 
cellular  therapies,  and  new  hemoglobin-based  resuscitation  fluids,  among  others.  With  the  most 
promising  therapies,  some  effort  will  be  necessary  to  evaluate  them  in  models  that  include 
various  aspects  of  standard  therapy.  Given  the  complex  nature  of  the  secondary  injury  cascade  in 
blast  neurotrauma,  combined  therapies  are  also  likely  to  be  necessary  to  optimize  outcome, 
particularly  in  the  setting  of  severe  injury.  Finally,  therapeutic  strategies  should  set  the  stage  for 
optimal  rehabilitation/regeneration/re -wiring,  in  a  continuum  of  care  that  goes  from  the  field  to 
rehabilitation.  This  overall  approach  to  therapy  development  and  selected  specific  examples  of 
promising  approaches  in  each  category  will  be  discussed. 

Support:  DARPA  PREVENT  program,  CDMRP,  NS38087,  andNS30318 
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SYSTIlMAI  It:  RrVlRW  ON  hlX’OMPRF.SSI VK  CRANMClOVrV  IN 
t  HIIJ)RT:\  KM.I  OVVINO  SRVRRK  TRAUMATIC  KRAIN  ^^JL:R^ 

!  h  'Sdii,  Siotjec^  Gif  witl  Di  BdHisUk  Mff  hctc  Mcrut.  Aitru-Mtirii' 

viH’i  inii 

rih  H<‘sptiftl  Sh'l:  (  /iilfhen.  ToronitK  Ontiirio.  Linttuln.  Cnirct- 

w'm.  Biincnlain.  iWflu’tioiuG 

Ohjt'flivo:  JXx’oinpic^sive  Cianieciomy  (DC)  ivimiii!^  a  L\>nmisoiMaj  ihcmpy  in 
ijhildioH  u  lih  SON  ere  Irauntahc  Brain  Injiiiy  rrttj>.  We  underionk  a  ^y^remalie 
iCYiew  a.^se^s  ihe  gnjlity  and  quantify  oi‘  ihe  OMdciKe  and  hi^hljghi  the  gaps 
iV^uiul  in  rhe  litcraiure  on  Decompressive  Cd'anici:i<>mv  porldrmcd  in  elnldfvn, 
Mellurds:  Medline.  The  Coeliranc  Ldnary,  nMR/\SI-  and  OVID  Medline  uere 
seaiehed  (June  I^SO  -  luty  2(Ml7n  Suulies  weie  sdccied  using  a  pnori  inclusion 
eiiicria  using  ihc  livUowing  search  loniis  (individually  ui  eomhinodi  tdetonv 
pressivc)  eiamceiomy.  children,  ivcaimeiit  and  eranioKuny  l  uo  reviewers  inde- 
|H:ndenily  seleefed  ihc  anieles.  search  lerms;  three  reviewers  read  atid  exinicied 
ihc  L  on  lent  lo  achieve  a  iTununallj  biased  review.  Given  [he  pauciiv  oi  ccuUndled 
irials.  we  included  boih  obsci  vaiionji  and  ex [X'ri mental  sindios 
Results:  Among  1778  sludies  leineved.  dl  tnei  inclusitui  erueria.  8,P'fc  were  ob- 
scrvadoiial  Only  t'lie  suidy  used  a  randoini/ed  conirolled  inal  design  I'wviuy 
eighi  ailides  }  had  a  siudy  sample  ol  less  ihati  (>d  siihjeeis.  and  the  average 
.study  sample  size  (mui  a  loial  id‘8.>7  suhjeets)  per  study  was  suhjeeis,  Seveii- 
[csvi  (d  ihe  ^  \  aiiielcs  e.^LliisiwIy  studied  a  pcdiaUie  sample;  only  2I)'a-  ot  all  the 
subieeis  siudied  were  yiuingei  lhan  |8j  years  Uneouirollable  intracramal  pressure 
was  ilie  main  irdicaumi  Tor  Decompressive  Cninieeuuny  m  20  .siiidies,  Cllasgow 
Dmcoinc  Neale  v\a.s  u.sefl  as  luiicfioiial  endpoim  m  nunc  ?(''7ir  ol  the  siujies 
(  I’anis'OiUiiy  le.jd  [o  an  inipiawemciU  m  inii acranial  pressuie  in  nu'rc  ihan  half 
t'f  suhjeeis  (5J'^7),  eombined  vfiih  a  70‘.i  belter  Junclunuil  and  neurtdogical  (uU- 
et>nie  status.  Ovet  20  studies’  conclusion  Matemenis,  support  Dectniipressise 
Cranieetmiiy  as  a  secondary  ihcvapy  in  children  svith  TBI 

Conclusinn:  Due  to  the  limited  number  of  studies  available  and  the  studies'  de¬ 
signs.  ue  plan  to  pet  form  a  case-sontisd  study  in  children  ;o  examine  ihe  etfeeis 
ol  the  liming  of  Decompressive  Craoiect(>my  and  co  interventions  (c.g  .  antibi 
otic  usei.  on  ihe  rate  of  complication,  co-niorbidilies  mid  ouieouies,  We  look  liu' 
w  Jill  [o  (lie  ii|>coniing  completion  ol  the  two  randortiizetl  controlled  n  mb  m  adults, 
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IMJLVNU’ROWJ.ATKD  PKCYI.ATKI)  HKMOGLOBIN  SOLLJTrON  FOR 
THK  ACUTK  LIMITED  KLUIU  RESUSCITATION  OF  HEMORRHAGIC 
SHOCK  Al-TEK  TRAUMA!  IC  URAIN  IMURY  IN  A  MOUSE  MODEL 
/>to  iiJ  Shi  llinvton* .  Jrnnil}’}  Exo^ .  Vincent  Va^nt'.  Li  M<r.  Ki  ri  FchJnnitV,  HchcU 
Cltni.‘,  Hiitvo  C.  EJ'nf/nl  Ontni’.  Uitry  JcnhiL.\L  Ahc  A/u/cJ/fm sC Car¬ 

le  run  fUnr,  Batrlfk  Kotluuiek^ 

‘Vtiivtrsm  of  PinMhurylt  Schaal  oj  Mrdkinc.  Piiishnr^li,  PA.  United  StaUs, 
<5yu  :yme  Trvluiolot^ies.  li\iiie.  CA.  Uniirrl  Srarei,  ’/’ro/ong  PliuniKieeuih  tds.  Mon- 
mouth  Jtou  Utm.  \'.l.  United  Slnics 

111  austere  environtnents.  such  as  after  hlast-inJuccil  traumatic  liram  injury  (  I  Bl)  in 
0|>craLion  Iraqi  Prccdoos,  early  rcsu^ciiaiioii  of  hypoicnsiou  «>  prevent  secondary 
daiiijgc  after  TBI  can  he  challenging  Though  isotonic  crysluilotd  or  colloid  solu- 
lions  an  typically  used  ('or  this  puqu^sc.  novel  hcinoglohin  (Hh;  based  revuscit.ition 
(liiids  may  have  advantages  in  volume  rcquirenvnts.  restoi  auon  of  hcmiylvnanucs, 
and  oxygen  delivciy,  However,  concerns  with  possible  niiric  oxide  (.NO)  ^.oiiMjnip- 
tion  and/oi  oxidative  sllcs^  fioni  free  Hh  have  Iscen  raised  (Nafanson  cl  al,.  2008 > 
The  uiwel  nttioxide  antioxidant  lib  solution,  polymirovj  lated  |x;g slated  Hb(PNni). 
may  cmiler  an  advantageous  profile  ni  ihis  regard.  Wo  hypothesized  iliai  acute  vol¬ 
ume  resust.iia(ion  with  a  BNPM  s<>lution  would  K'  favorable  coniparexl  to  Ljl- 
latod  Ringer's  solution  (LR)  or  Hex  lend  (the  currcni  elvlllaii  and  military  standards 
^>f  card  in  a  mouse  conihlnctl  injury  model,  Isolloranc  ancsihciized  C>7BlTs  mise 
were'  .subjected  lo  coiitroJlcil  corticaJ  impact  (5  iW.s.  I  mm  depth)  followed  by  hcin- 
orrh.iL’c  (Zcc/KKlg.  |''-30fv  blood  voliiriie|,  MAP  '^5-4(1  mmHg)  lor  90  min.  Alter 
0(1  nun.  to  simulate  limited  prehospital  resuseiuilion,  MAP  wjs  mamtained  '>  ."'O 
riiinHg  for  70  min  with  PNPH,  LR.  or  Hextend,  Alici  30  mlii,  shed  blood  was  rc- 
infused.  Bloi'd  pressures  were  recorded  every  5  min  during  rcsuscii-uion.  Rcsusei- 
talion  Volume^  were  recorded  ;U  the  end  of  the  pre-hospilal  phiise.  .Arierial  hlisrd 
gjvses  and  glucose  levels  were  monilorcil,  Moriabty  rate  did  not  sigmlicanily  illt- 
fer  between  gnmps.  alihougb  inortalily  was  highest  with  LR  (l/b  PNPH  vs  4/9  LR 
vs  fi/.s  Hcxtciuit.  Resuscitation  with  i^NPH  ((j  IH  ,r;  (»,03  mb  .sr  HextenJ  ((i.ib  x 
04 »7  mb  required  less  volume  than  with  LR  (Odd  0,28  ml)  (p  <  0.0.5)  PNPH 
(04,4  2.9  mmHgi  but  not  I  Icxiend  (>8  8  x.  2  9)  exhibile<l  a  stgnil icatii ly  higbs'r 

prc-bospital  mean  MAP  vs  I.R  (50,4  ;  2.9.  p  -c  0,(i>)  during  rcsiivciiation,  Smn- 
lailv.  PNPH  bill  no!  Hi7Xknd  oxliibiicd  a  signibcauily  higher  pre-hospital  |!cak  M.AP 
vs  LR  (p  <(J.0,5).  (Jut  results  suggest  rhat  (iniitcd  rc^usciiiifion  wilh  PNPH  m  the 
selling  of  coiiibiiicd  TBI  hemorrliagte  shock  may  offer  advantages  over  LR  or  I  lex- 
lend.  1  uribcr  invcsngaiion  c'C  neuropathology,  tissue  O;  levels  and  markers  of  NO 
and  oxidative  stiess  arc  ongoing  to  dcicnTiine  if  PNPH  oficn  additional  thcra|x;uiic 
advainages. 

Suppi’ii;  I  S  Army  pR(iS4755  W'8 1  XW'H-Ob- 10247 
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lA'I  KCT  (U  1  AURIM.  WITH  MA(.NKS[UM  .^UIT'  V  IT.  r>N  RKSPIRATOkV  CHAIN 
RN/VMbS  or  MITOCHONDRION  IN  RATN  WITH  ACUTKSKN  KkK  TkA  DM  A  HC 
BRAIN  IN.IIJRY 

lltiihn:'  llii/Qi'j.  Ooi  tr^ot;!/,  Clh‘11  Uv^j^v  )Vny  f 
iin’\iiyyiroi  fnoninr.  Tiouio).  //c-o  D'nli'h Chino 

r.ihjefi  T<i  losi^Ugatc  lilt  iieiuiiy  rU  aiioti  chain  en/yml■^  *4  milocln'ftdi ant  and  (ht-  ef- 
(fcis  ('l  iaiinne  (Tau)  wiili  in:igiic<iuin  suli'aic  bvlgS(L)  on  ihe  mis  mill  aculc  severe  iraumaue 
l>f:nn  in|iir\  Mvtliod  Ponj  male  Xpfague-Dau-jey  rais  (wtighl  .tl.N  r  I  Up  I  wvte  rarnlainty  di- 
sided  nuo  (ivc  gmnps'  ^ham  pn>up.  TBI  group.  Tau  gioup,  raii-MgSO,i  group  and  MgSOj 
group  All  cuimals  were  MihjcLicd  l<i  severe  leFt  bfiuii  injuiy  Iry  laieiral  lluid  p«ni.u''sasn  rkmee 
I  (  7-2.U;Uini  excepi  sham  group  Tau  DOb  ing/kgl.  MgSO*  (%  ingAgl  ami  Tan  willi  MgSOj 
(Tan  2<X>  mgjkg.  l  aii:  Mg'^  “  2'li  were  in»finedi:Ui.-ls  injt.'euxl  hy  tad  vein  <>i'  nu.v  ader 'IBI 
for  7  ikvs  Tlien  lunli  of  (Ire  led  iml  nglw  hr.iin  .sjnijdes  were  disse^cied  ,-ind  honiogeru/cci.  ,M(- 
UidmnJuiih  was  esU.actcJ  by  detisiiy  and  specd-eenirifucaiinn  Tlie  aedsiis  .md  purity  o!  mi- 
i.xdvinilrum  ssere  idenlitierl  hy  Janus  green  B  staining  .md  eleeinvn  mieisrsetspv  iTMl  res]ici’- 
iively,  Pmlein  ol  nui< vlioudruin  was  t|u<inn|lcil  aet'ording  lo  Bratllfird  The  auUsiiy  of 
mius.hondrial  respir.tuon  chain  en/yines  whieli  include  sueeiiviic  dehydrpgenaserSDH ».  ey- 
lodiroiuc  t  usid.ise  iCf  t'l.  rt-duLcd  nicnimanndv  adenine  dmiieleoiide(NADl-h  wa,-  measured 
In  ullraviolet  r.idi.mon  (IW)  >;reeUoplu‘|i>iTieli;f  .AM  Til  a  w'a.s  amily/ed  hs  one-w.ry  A  NOV 
Resull;]  Jlie  aelivii)  <>(  mitrx  bonilnoii  wa.''  approved  udi  bv  J.mus  -res-n  B  dye  .And  ihe  ul- 
iraMriJcUiif  .showed  iii.ii  ihcn;  is  more  lhan  9b';ir  niitoehondnon  in  .m  eyeshot,  whah  Mih.sian- 
Uaied  iher  ]Hirily  s)f  miU-chondrion  2  The  acliviiv  of  SDN  rlj/rngl  of  miriicvt  hiain  (ItU  brain) 
in  l'B(  gn  lup.  Tan  group.  I  au-MgSttj  groop  arid  MgSO.i  gtMup.ivhich  wviV  (I  99  ~  fl-2>  I  ,.JK  r 
0  ,s2.  2  Ox  t  (i.Ni  1  ri  ,l.s  rt'spes:(ody.  dcciciisml  signifieantly  cornpaivd  w  ilh  slciini  group 
i.i  IV  -±  I  aO)  r)nlv  lire  SDH  aeliviiv  ol  Tau  MgSCIj  group  ivas  signilieanily  inereass'd  ilmn 
lIkiI  of  rijl  gi.jijp  l  or  rigln  h.jin  ilie  SlMl  riemilv  id  Tau-MgSOj  group  ognilkanilv  m- 
eiLiisedi.S D'i  7  I  JMandol  .  dui  group;,  <>  87  ±  |  7.t.  2  4.^  r  LSI.  0  4'  7;  0,24  in  TBi.Tau. 

Ms'Sf>i  grroop  rt--peLj!tL4y |  w,.n  dcv lea.'vL-d  sigiu lieanUy  . . .  vviih  diani  gn'Up  (4.dA  r 

2,.t0)  ,t,  f  or  k  ft  .iiid  ri  Jhl  hraiii.  l(\e  aeiiv  ity  of  i '(’( M^irnol/mg  i  is  no  .,laiislk'  dilfcrcnLc  .imong 
^  eroiips  lO  .'^9  7  0.24'  U  y  t  y  (i  Jl  0  4h\r:  0  2X,  d  ^2  r:  tH  2K.  0,4>)  -  0  C'  in  leK  brain  ami 
d.lt  -r  <>  lib,  0  .Ri  T.  0.20.  0  27  7  0  24,  u  17  +  fi  |ti.  0,(9  ±  (1,22  m  the  nglu  biam  (or 
gR'in^,  I'RI  gioup  fan  group.  lau-MgSO^  group  and  .MgSOj  gmup  re spix lively  i,  Ibe  t'CO 
aaiviiy  of  rigid  luain  was  tltercased  markedly  lhan  ihai  of  left  ham  rn  4  groups  exccpi  bui 
gioU]'  4  I  he  aciisiiy  ol  NADU  iLkingi  of  injunxl  brain  ileli  brain)  in  TBI  gwrup  ('2N  74  2: 
7  0‘>i  and  Tau  Mg.Stk  group  1 2.14)2  x  fi2>  w.is.  deereasixl  markedly  lhan  dial  of  fau  gorup 
(4il  to  l;  7.7m,  MgSllj  group  (.17  74  y  2,24)  .aid  sham  gioii]'  (49  49  X  5  02)  Iherc  wa.s  no 
difference  in  ihe  righi  hr.iin  among  5  giU'lips  iJVOb  -y  4,54.  27  |b  ±  M  12,  z  >,27, 

,79  12  1  1  1,76.  .17  1 1  z  ‘).,55  in  (he  right  brain  tor  sham  grou)).  I  IJI  gioiip.  Tau  group.  Tau- 
VlgSD.i  griHip  and  MgS(T  group  reNpceliielyl  Coneluskui  .MiuKhondnal  respirali>>n  eliain  is 
i(ir  hioie  soursC  dial  o  <|tnle  impf'rlani  lor  energy  supply,  C)ui  study  ikmonslrjles  that  die  ae- 
loily  of  SDH.  NADH  was  sigmlieanlts  ds-crcascd  and  f’CO  .Mivily  can  be  normal  after  I'DL 
I  aiinrie  can  impnive  iruirkcdh  the  aciisiiy  of  SDH,  NADH  ai  7  days  froni  ihe  vein  of  rats, 
much  belter  ilmn  the  effect  o(  .VlgSO.j  am.!  I'uu-MgSd^  that  can  only  iiKrra'vC  the  aciiviiy  of 
N'ADH  Ol  SDH  respsviivr  ly.  1l  means  that  lauune  is  a  beiler  ogeni  u>  pniieol  ihe  Funclion  of 
mi«vh(‘ndr[on  aflei  1  Ul 

Keywords  Tijuiuahe  trraiu  lUjury-  'I'aurine  imigne.siuin  solfaic  miuschondnul  re.spirulion  chain 
enz Vines 
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BRAIN  ENERGY  DEPLETION  CALvSED  BV  A  DIFELSE  HEAD  INJURY 
IN  RATS  IS  NOT  AMELIORATED  BY  THE  INFUSION  OF  SODIUM 
LACTATE 

ftuih  Pan  eta.  Btirhara  Ttiiet7:.i.  KeiMikc  Ta\ii,  Utitra  Born  os.  Cltn.'itiini  R.  Mar- 
/m//v>i(.  Anthony  Marnutron 

^Virfiiniii  Contnum^Aeahh  University.  Rtehnioiul  \  'A.  United  States.  'Cothojic  Uni- 
ventv  of  Rome.  Rorna,  Italy,  'Cnnipittiny  Teehnicn!  Centey.  Madrid.  Spain 

I  ruumatic  hruiu  injury  CfB!)  ciuises  j  siibsiuniial  energy  demand  on  cembi j|  me- 
tjboliMn  k'  re.sUire  the  bi(h.‘hcmiej|  and  funcuunjl  brjiu  homeostasis.  Recent  find¬ 
ings  suggest  ihtil  liictJle  coulrl  Ix'  used  hy  the  bruin  as  Jii  alicrnaiive  substrate  to 
glucose  in  siLualiiuis  ol  impaired  energy  nieddbolism.  This  study  was  carried  out 
to  investigate  the  effects  on  cerebral  metabolism  of  sudiiini  lactate  fNaLae)  so¬ 
lutions  ini  used  to  rats  undergoing  a  severe  diffuse  I  Bl.  After  TBI  nils  were  ran¬ 
domly  assigned  lo  i>ue  of  the  follows  ng  U'eaimem  groups  tn  =  lOpCfgroupl  TBI- 
noniial  sidine,  '1  Bl-hypenonic  saline,  TBl-KjOrnM  NaLtic,  'rBI-50(>mM  NaLjc. 
TRI-PSOmM  Nalate.  TRlOfKKiiiiM  Nal  .ae  and  f  B[^.S(X)mM  NaLac  plus  mag- 
ncsiuni  sulphate.  In  addition,  len  rats  wirhoiit  irauma  rrcaled  wirb  nonnal  saline 
were  used  as  sham  animals.  Whole  eeiebrums  were  le  moved  ('  hours  posi-injiii  v 
and  HPLC  analy^i^  ol  eeiehr.d  exliaCLs  vscic  peifornied  in  order  to  measure  those 
mciaboliU's  rcpre.seniative  <4’ the  cell  energy  state,  adenosine  iri-phi>spbaie  (AT?) 
JTid  -ATP-caiaboliics;  as  well  as  nieoiime  eoeii/ymes  (.N,-\D4-.  NADHk  N -ace- 
lylasparljie  (NAA).  tissue  smiioxidant  dclenses  (ascorbic  a<  id.  gltualhione)  and 
molecules  fiiJictiiive  ol  oxidaiive/nitrosative  cellular  damage  (maltmduldchyde 
and  .ADPribosef  bolltwing  I’BI,  a  sign  ill  cant  rcdiielion  in  the  cerebral  conienr 
of  A  ll’,  .N.ADA.  NAA,  ascorbic  acid  and  glutathione  was  observed,  while  the 
brain  levels  of  A'rR-c£uabolites.  malondi.ddehyde  and  ADR-rihose  were  elev.iied, 
fhiwe  metabolic  alterations  did  noi  changed  significantly  m  any  of  the  grumps 
(reared  wu.h  NaJ.uc  soluiions  Tl'ie  metabolic  pathway  necessai'y  to  consume  lac¬ 
tate  may  not  he  iuiietiomil  afioi  a  severe  1  Bl  duo  to  a  cerebral  depicfion  ol  NAD  +  . 
an  essential  eo-en/ymu  foi  the  aeti\  ity  ol  ihe  miroehondnal  I  act  ate -dehydroge¬ 
nase 
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CAUSE  FOR  A  PAUSE  DURING  CPR.^IT  MATTERS! 

Robert  M  Sutcon,  Dana  Niles,  Akira  Nishisaki,  Krisry  B  Arbogast,  Matthew  R 
Maltese,  Aaron  Donoghue,  Robert  Berg,  Mark  Helfaer,  Vinay  Natdkarni, 
Children's  Hospital  of  Philadelphia,  Philadelphia,  PA;  Jon  Nysaether,  Hclge 
MykJebust,  Laerdal  Medical,  Stavanger,  Norway 

Introduction:  Improved  CPR  quality  is  associated  with  better  survival  outcomes, 
yet  substandard  CPR  quality  is  common.  Pauses  in  chest  compressions  (CC)  are 
associated  with  worse  survival.  A  first  step  to  improve  CPR  quality  is  identifying 
factors  that  lead  to  substandard  CPR.  Hypothesis;  Substandard  CPR  quality  will 
be  more  likely  to  occur  immediately  after  a  change  in  CC  provider  compared  to 
other  causes  for  pauses  in  CC.  Methods;  With  IRB  approval.  CPR  quality  was 
assessed  during  consecutive  in-hospital  CC  events  in  children  ^8yrs  wirh  force 
transduccr/accelerometer  recordings.  Data  included:  CC  depth,  rate,  leaning 
force,  and  CC  pause  duration.  Real-time  computer  audio  feedback  was  supplied 
when  rate  was  <90  or  >1 10  CC/min,  depth  <38mm,  leaning  force  >2. 5kg.  and 
pause  >15s.  Causes  for  pauses  were  identified  by  post-event  debriefing  (CPR 
team  interviews)  plus  two  independent  reviews  of  stored  CC  data.  Continuous 
CPR  quality  variables  analyzed  with  descriptive  summaries/Student  c-test.  RR  of 
CPR  error  after  a  pause  c^culaied.  Results:  We  analyzed  190min  of  CPR  and 
117  pauses  (median:  6.2s,  IQR  3.2- Us)  from  U  consecutive  cardiac  arrests. 
Causes  for  pauses  were  52%  CC  provider  switch  (median  4s,  IQR  2. 8-8, 7s), 
23%  pulse/rhyrhm  analysis  (median  9.8s,  IQR  7.3-1 6.5s),  8%  defibrillarion 
attempt  (median  22.4s,  IQR  1 3. 9s-34, 4s),  and  17%  “other/undetermined” 
(median  4.4s,  IQR  1.9- 13. 8s).  During  the  first  5s  of  CC  following  pauses,  lean¬ 
ing  was  more  likely  after  CC  provider  switch  {RR=3.l,  95%  CUl.8-5.2, 
peO.OOOl)  and  to  exceed  the  feedback  trigger  (i  5  consecutive  CC  with  leaning 
>2. 5kg)  than  for  all  other  causes  for  pauses  combined  {RR=3.8,  95% 
CI=1. 5-9.1,  p<0.002).  Provider  switch  resulted  in  shallower  CCs  (44±7  vs, 
46±7mm.  p=0.04)  in  the  first  5s  after  switch.  Conclusions;  During  in-hospital 
pediatric  CPR,  the  majority  of  pauses  are  for  provider  switch.  Substandard  CPR 
quality  {leaning/shallower  CC)  is  more  likely  immediately  after  CC  provider 
switch  compared  to  other  causes  for  CC  pauses.  Future  studies  should  investigare 
the  effect  of  feedback  targeted  to  this  high  risk  switch  period. 


POLYNITROXYLATED  PEGYLATED  HEMOGLOBIN  FOR  THE 
ACUTE  LIMITED  FLUID  RJESUSCITATION  OF  HEMORRHAG¬ 
IC  SHOCK  AFTER  TRAUMATIC  BRAIN  INJURY  IN  MICE. 

David  K  Shellingcon.  Xian  ten  Wu,  Jennifer  Exo,  Vince  Vagni,  Keri  Feldman. 
Robert  Clark,  Hulya  Bayir,  C.  E  Dixon,  Larry  Jenkins,  Patrick  Kochanek, 
Department  of  Critical  Care  Medicine.  University  of  Pittsburgh  Medical  Center, 
Pittsburgh,  PA;  LI  Ma,  Carleton  Hsia,  Synzyme  Technologies,  Irvine,  CA;  Abe 
Abuchowski,  Prolong  Pharmaceuticals,  Monmouth  Junction,  NJ 

Introduction:  Resuscitation  of  hemorrhagic  shock  (HS)  to  prevent  secondary 
injury  after  traumatic  brain  injury  (TBI)  is  challenging.  Though  isotonic  solu¬ 
tions  are  typically  used,  novel  hemoglobin  (Hb)  based  fluids  may  have  advan¬ 
tages  in  volume  requirement,  restoration  of  hemodynamics,  and  oxygen  delivery 
However,  concerns  with  NO  consumption  and  oxidative  stress  from  free  Hb 
have  been  raised  (Natanson  ec  ah.  2008).  The  novel  second  generation  nitroxide 
antioxidant  Hb,  polynit roxylared  pegylared  Hb  (PNPH),  may  be  advantageous 
in  this  regard.  Hypothesis;  Acute  resuscitation  with  a  4%  PNPH  solution  will  be 
favorable  compared  to  Lactated  Ringers  solution  (LR)  or  Hex  lend  (Hex). 
MetKotls;  Isofluranc  anesthetized  C57BL6  mice  (n=20)  were  subjected  to  con¬ 
trolled  cortical  impact  (CCI)  (5  m/s,  1  mm  depth)  followed  by  HS  {2cc/100g, 
1'30%  blood  volume! .  MAP  35-40  mmHg)  for  90  min.  MAP  was  then  main¬ 
tained  >50  mmHg  for  30  min  with  PNPH,  LR.  or  Hex.  After  30  min,  shed 
blood  was  infuseo.  Blood  pressures  during  resuscitation  and  fluid  volumes  to 
achieve  pre-hospital  MAP  were  recorded.  Neurodegeneration  at  7  days  was 
examined  using  Fluoro-Jade  C  (FJC)  staining.  Results:  Resuscitation  with 
PNPH  (0.J8±0.05  ml)  or  Hex  (0.26±0.07  ml)  required  less  volume  than  LR 
(0.96±0.28  ml)  (p<0.05).  PNPH  ((>4.4±2.9  mmHg)  bur  not  Hex  (58,8±2.9) 
produced  higher  pre-hospital  mean  MAP  vs  LR  (50.4±2.9,  p<0.05).  Similaxly, 
PNPH  bur  not  Hex  exhibited  a  higher  pre-hospital  peak  MAP  vs  LR  {p<0.05). 
Mortality  did  not  differ  significantly  between  groups.  Mice  resuscitated  with 
PNPH  had  fewer  FJC+  neurons  in  vulnerable  regions  of  the  hippocampus 
(p<0.05).  Conclusions:  Limited  resuscitation  of  combined  CCI  +  HS  with 
PNPH  offers  advantages  over  LR  or  Hex  including  reduced  volume  require¬ 
ments,  better  normalization  of  hemodynamics,  and  protection  against  neuronal 
death  at  7  days.  Support:  US  Army  PR054755  W81  XWH-06- 10247 
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FEASIBILITY  OF  HEMODYNAMIC  ASSESSMENT  OF  CPR 
QUAUTY  DURING  IN-HOSPITAL  ADOLESCENT  ARREST 

Robert  M  Sutton.  Dana  Niles,  Matthew  Maltese,  Akira  Nishisaki,  Kristy 
Arbogast,  Aaron  Donoghue,  Mark  Helfaer,  Robert  Berg,  Vinay  Nadkarni, 
Childrens  Hospital  of  Philadelphia,  Philadelphia,  PA;  Jon  Nysaether,  Helge 
Myklebusc,  Laerdal  Medical,  Stavanger,  Norway 

Introducrion;  AHA  guidelines  rcconamend  CC  depth  of  ^33%  anterior-posteri¬ 
or  (AP)  chest  depth  for  children.  During  in-hospital  pediatric  resuscitation, 
direct  association  of  CPR  quality  with  improved  blood  pressures  (BPs)  has  not 
been  demonstrated.  Hypothesis;  CC  that  meet  the  target  depth  of  1^33%  AP 
chest  depth  will  result  in  higher  BPs,  compared  to  shallower  CC,  during  real  in- 
hospital  CPR.  Methods:  With  IRB  approval,  CPR  quality  was  assessed  with 
force  transduccrs/accelerometers  during  consecutive  in-hospital  CC  events  in 
children  aSyrs  with  peripheral  arterial  catheters.  Data  included:  CC  depth,  CC 
force,  and  arterial  BP  Simultaneous  arterial  BP  associated  with  the  force  and 
depth  of  each  CC  was  determined.  Continuous  CPR  quality  variables/BP  ana¬ 
lyzed  with  descriptive  summaries.  BP  generated  by  C(i  fe33%  AP  chest  depth 
compared  to  shallower  CC  by  Student  r-cest.  Results;  Analysis  yielded  1481 
evaluable  CCs  during  4  arrests  (age  range  14.5-16.9  yrs,  chest  depth  140- 
210mm).  BPs  were  higher  when  CC  depth  was  i33%  AP  chest  depth:  systolic 
87±25  vs.  69±16  (p<0.0001);  mean  52±13  vs.  43±9  (p<0.0001);  diastolic  34±8 
vs.  30±6  (p<0.0001).  Figure  1:  systolic  BP  vs,  percent  AP  chest  depth. 
Conclusions:  Association  of  real-time  in-hospital  CPR  data  to  hemodynamic 
effect  is  feasible.  CC  that  achieved  AHA  recommended  target  depth  of  a33%  AP 
chest  depth  resulted  in  higher  systolic,  mean  and  diastolic  BPs,  compared  to  shal¬ 
lower  CC.  In  the  future,  appropriate  control  for  quality  of  CPR  and  associated 
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NON  INVASIVE  CONTINUOUS  POSITIVE  AIRWAY  PRES¬ 
SURE  AND  HIGH  DOSE  INTRAVENOUS  NITROGLYCERIN 
IN  HYPERTENSIVE  PULMONARY  EDEMA^  WHICH  ONE  HAS 
AN  OUTCOME  IMPACT? 

Akram  M  Fayed.  Muhammad  A  Hussain.  Critical  Care  Medicine,  University  of 
Alexandria,  Alexandria,  Egypt;  Hassan  Oihman,  Anesthesia  and  Surgical 
Intensive  Care.  University  of  Alexandria,  Alexandria,  Egypt 
Introduction;  Non  invasive  conrinuous  positive  airway  pressure  (CPAP)  has 
established  superiority  over  conventional  methods  of  management  including  low 
dose  intravenous  Nitroglycerin  (IVNG)  in  patients  presenting  with  hypertensive 
pulmonary  edema  (HPE).  Hypothesis;  Evaluation  of  the  outcome  of  the  use  of 
high-dose  intravenous  nitroglycerin  (HDNTG)  versus  non  invasive  CPAP  in 
HPE.  Methods:  60  patients  with  HPE  were  randomly  assigned  into  3  manage¬ 
ment  groups;  Conventional  oxygen  therapy  (high  flow  ox)^en  through  a  non  re- 
breathing  face  mask  at  1 5  Liters/minute),  noninvasive  CPAP  (10  cm. H 20  via  an 
oronasal  mask)  or  HDNTG  (IV  boluses  of  2  mg  of  NG  every  5  minutes  accord¬ 
ing  to  the  response  up  to  10  doses.  Furosemide,  conventional  doses  of  nitrates 
and  morphine  had  been  given  according  to  the  clinical  condition  of  the  patients. 
Results:  There  was  no  statistically  significant  difference  between  the  three  groups 
regarding  baseline  characteristics.  PrexJefined  criteria  of  success  were  met  in  30%, 
50%  and  90%  of  patients  in  the  Oxygen.  CPAP  and  HDNTG  groups  respiec- 
tively  p=0.009.  The  need  for  Mechanical  Vcnrilarion  (MV)  was  required  during 
the  first  two  hours  of  treatment  in  65%,  50%  and  0%  in  the  Oxygen,  CPAP  and 
HDNTG  groups  respcaively  p  <0.001.  The  mean  duration  of  ICU  stay  was 
6.90±L97,  5.60*1 .67  and  4.00*1 .84  days  in  the  Oxygen,  CPAP  and  HDNTG 
groups  respeaively  peO.OOl.  Hypotension  developed  only  in  one  patient  in 
HDNTG  group.  The  combined  end  point  (death,  need  for  MV  and  incidence 
of  MI  within  24  hours  of  admission)  was  met  in  70%,  50%  and  10%  in  the  oxy¬ 
gen,  CPAP  and  HDNTG  groups  respectively  p=0.007.  Conclusions:  Not  only 
it  caused  a  prompt  clinical  improvement,  HDNTG  was  superior  to  CPAP  in 
reducing  the  need  for  MV,  incidence  of  MI  and  duration  of  ICU  stay.  It  was 
superior  to  CPAP  in  improving  the  combined  end  point  of  myocardial  infarction 
within  24  hours  of  admission,  need  for  mechanical  ventilation  and  death. 


Figure  1 :  Systolic  BP  vs.  Percent  AP  Chest  Depth 
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A  PROSPECTIVE  RANDOMIZED  CROSSOVER  TRIAL  OF 
PEDIATRIC  SIMULATION...DON’T  JUST  TALK  ABOUT  IT, 
JUST  DO  ITI 

E^hica  Bakshi.  Michael  Meyer,  John  Lin,  Daniel  Sreigelman,  Larissa  Newmann, 
Philip  Spinella,  WHMC,  San  Antonio,  TX;  Vinay  Nadkarni,  Critical  Care, 
CHOP,  Philadelphia.  PA 

Introduction:  The  value  of  repetitive  simulation  of  specific  scenarios  compared 
to  repeticive  didactic  training  only  for  specific  scenarios  has  not  been  well  stud¬ 
ied.  Hypothesis:  Our  objeaive  was  to  determine  if  case  specific  simulation  train¬ 
ing  (ST^  improves  time  to  treatment  for  cnttcal  events.  Methods:  This  prospec¬ 
tive  study  randomized  25  pediatric  residents  to  one  of  two  groups:  Pulseless 
ventricular  tachycardia-torsades  de  pointes  (pVT-T)  (Group  1)  or  supraventric¬ 
ular  tachycardia- poor  perfusion  (ppSVT),  (Group  2),  Scenarios  done  with 
Simbaby  (Laerdal,  Denmark)  at  three  times:  Initial  (TO),  2  months  (T2),  and  4 
months  (T4).  At  all  times  both  groups  were  given  standardized  didactics  on  all 
PALS  algorithms,  including  pVT-T,  At  TO  and  T2,  Group  1  had  ST  for  VF  and 
pVT-T,  Group  2  had  ST  for  VF  and  ppSVT.  AtT4  Groups  1  and  2  had  ST  for 
VF,  pVT-T,  and  ppSVT.  Prior  to  T4.  Group  1  had  no  ST  for  SVT  and  Group  2 
had  no  ST  for  pVT-T,  they  only  had  didactics  for  management  of  these  specific 
events.  Primary  outcomes  were  time  to  defibrillation  (Defib)  and  Mg  dose  for 
pV'F-T,  and  cardioversion  and  adenosine  for  ppSVT,  Secondary  ourcomes  were 
time  TO  initiation  of  BVM,  and  duration  of  interruption  of  chest  compressions 
from  TO  to  T4.  Analysis  by  related  and  unrelated  sample  Wilcoxon  tests.  Results: 
AiT4,  Group  I  (n=l4)  had  shorter  time  to  shock  (68s  vs  J08s,  p=0.07)  and  Mg 
dose  (37.5s  vs  17ls,  p=0,002)  compared  to  Group  2  {ni=l  ]).  Group  2  had  slight¬ 
ly  shoner  time  to  shock  (66s  vs  106s,  p=0, 1 1 9),  and  time  co  adenosine  dose  (35s 
vs  ]44s,  p=0.09)  that  approached  significance  compared  to  Group  1.  Time  to 
BVM  was  reduced  from  TO  to  T4  in  VF  in  both  Groups  (n-25),  1 7.5s  vs  8s, 
(p=0.01 1),  as  was  time  of  interruptions  during  chest  compressions  (24s  vs  15s, 
p=0.0l9).  Conclusions;  Repetitive  case  specific  simulation  training  improves 
rime  ro  Treatment  for  critical  events  compared  to  when  repetitive  didactic  train¬ 
ing  only  is  performed  for  that  specific  scenario. 
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RESUSCITAnON  OF  TRAUMATIC  BRAIN  INJURY  AND  HEM¬ 
ORRHAGIC  SHOCK  WITH  NOVEL  COLLOIDS:  EFFECTS  ON 
ACUTE  HEMODYNAMICS  AND  SURVIVAL. 

Vincent  Vagni,  Keri  Feldman,  Larry  Jenkins,  C.  Edward  Dixon,  Safar  Center  for 
Resuscitarion  Research,  Pinsburgh,  PA;  fennikr  L  Exo.  David  Shellington, 
Roben  S.B.  Clark,  Hulya  Bayir,  Patrick  M.  Kochanek,  Critical  Care  Medicine, 
University  of  Pitxsburgh  School  of  Medicine,  Pittsburgh,  PA;  Li  Ma,  Carlecon 
Hsia,  Synzyme  Technologies,  LLC,  Irvine,  CA 

Introduction:  Traumatic  brain  injury  (TBI)  with  hemorrhagic  shock  (HS)  con¬ 
tributes  to  civilian  and  military  mortality,  but  the  ideal  resuscitation  fluid  is 
unknown.  The  SAFE  study  suggested  colloids  vs  crystalloid  confer  deleterious 
effects  after  TBI  (My burgh,  2007).  This  is  significant  as  the  colloid  Hexcend 
(HEX)  is  used  for  combat  resuscitation,  and  novel  colloids,  such  as  polyitroxyl 
albumin  (PNA),  have  been  created.  PNA,  albumin  covalently  linked  to  nitroxyl 
moieties,  used  alone  and  with  free  nitroxlde  Tempol  (PNA-f-),  had  favorable 
effects  in  HS,  stroke,  and  cerebral  hemorrhage  models  (Keniner,  2002). 
Hypothesis;  Resuscitation  with  colloids  PNA.  PNA'*-,  albumin  (ALB),  or  HEX 
confer  favorable  hemodynamic  effects  without  worsening  survival  vs  Lactated 
Ringers  (LR)  in  our  model.  Methods;  Isoflurane  anesthetized  C57BL6  mice 
(n=40)  underwent  controlled  cortical  impact  and  90min  of  HS  (20ml/kg,  MAP 
35mmHg).  Mice  were  randomized  to  resuscitation  with  LR.  HEX,  ALB,  PNA 
or  PNA+,  then  entered  30min  prehospital  phase  with  fluid  administration  tar¬ 
geting  ?vlAP>50mmHg.  Shed  blood  was  returned  and  MAP>60mmHg  targeted 
(inhospital  phase).  MAP,  volume  infused,  and  7d  survival  were  assessed.  Results: 
MAP  at  end  of  HS  did  not  differ  between  groups.  PNA,  PNA-r,  HEX,  ALB 
reached  higher  MAP  in  prehospital  phase  vs  LR  (p<0,01).  Prehospital  and  total 
fluid  needs  were  less  for  PNA,  PNA+,  HEX,  ALB  vs  LR  (p<0.0l).  No  group 
required  more  than  shed  blood  during  inhospital  phase.  Although  nor  signifi¬ 
cant,  PNA+  had  the  best  numeric  7d  survival  (7/8  vs  5/8LR,  6/8HEX,  5/8PNA, 
6/8ALB).  Conclusions;  In  out  model,  colloids  PNA,  PNA-*-,  HEX  and  ALB  pro¬ 
vided  positive  effects  on  hemodynamics  with  less  volume  vs  LR  without  worsen¬ 
ing  survival.  We  are  now  examining  neuopathology  co  determine  if  colloids 
mediate  neuroprotecrlon.  Our  findings  corroborate  work  by  Baker,  2008,  and 
suggest  dismissal  of  colloid  resuscitation  in  TBI+HS  may  be  premature. 
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SURVIVAL  ANALYSIS  AFTER  CARDIOPULMONARY  RESUS¬ 
CITATION  IN  RATS  WITH  MYOCARDIAL  INFARCTION 
TREATED  WITH  MESENCHYMAL  STEM  CELLS. 

Tong  Wang.  Zltong  Huang,  Emergency  medicine,  the  Second  Affiliated  Hospital 
of  Sun  Yat-sen  University,  Guangzhou,  Guangdong,  China;  Wanchun  Tang, 
Shijie  Sun,  Tingyan  Xu,  Max  Harry  Well.  Weil  Institute  of  Critical  Care 
Medicine,  Rancho  Mirage,  CA;  Zhi  Wan,  Emergency  medicine,  West  China 
Hospital  of  Sichuan  University,  Chengdu,  Sichuan,  China 

Introduction:  Allogeneic  bone  marrow  mesenchymal  stem  cells  (MSCs)  were 
administrated  in  a  rat  model  of  myocardial  infarction  by  three  different  routes  of 
administration  including  intravenous,  intravcnrricular  and  intra myocardial 
injeaion.  Hypothesis;  Survival  after  cardiopulmonary  resuscitation  (CPR) 
would  be  improved  in  myocardial  infarction  animals  treated  with  MSCs. 
Methods:  Myocardial  infercrion  was  induced  by  ligation  of  the  left  anterior 
descending  coronary  artery  in  54  rats  (6  groups,  9  rats  for  each  group).  One 
month  later,  animals  were  randomized  to  receive  MSCs  labeled  with 

PKH26  or  PBS  into  right  femoral  vein  or  the  left  ventricular  cavity  or  the  infarc¬ 
tion  zone  in  the  anterior  ventricular  free  vvall.  4  weeks  after  MSCs  or  PBS  injec¬ 
tion,  6  min  of  ventricular  fibrillation  (VE)  and  6  min  of  CPR  were  performed 
prior  to  defibrillation.  Survival  after  resuscitation  was  recorded  Results;  There 
were  no  difference  in  success  rate  of  resuscitation,  number  of  surviving  ro  72 
hours  and  number  of  shocks  at  paired  groups.  However,  survival  were  siginifi- 
cantly  increased  after  CPR  in  MSCs  ireaned  groups  comparing  with  the  corre¬ 
sponding  PBS  treated  groups  (Figure  1),  Conclusions;  Survival  after  CPR  were 
comparably  improved  in  all  groups  of  animal  treated  with  MSCs  in  constrast  to 
the  PBS  groups. 

Survival  Curva 
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BRAIN  CELLULAR  RESPONSE  AND  TEMPERATURE  MANIPU¬ 
LATION  AFTER  CARDIAC  ARREST  RESUSCITATION  IN  RATS. 

Xiaofeng  Tia.  Gehua  Zhen,  Shinyi  Tsai,  Matthew  Koenig,  Carlos  A  Pardo,  Nirish 
V  Thakor,  Romergryko  G  Geocadin,  Johns  Hopkins  Universiry  School  of 
Medicine,  Baltimore,  MD 

Introduction:  Therapeutic  hypothermia  after  cardiac  arrest  (CA)  improves  sur¬ 
vival  and  functional  outcomes  whereas  hyperthermia  is  harmful,  but  its  neuro- 
protective  mechanism  remains  unclear.  We  previously  showed  chat  hypothermia 
post-CA  led  to  better  neuro-elecrricaJ  and  behavioral  recovery.  Hypothesis;  We 
quantified  the  impaa  of  temperature  manipulation  on  brain  injury  with  stereo- 
logical  technique  on  microglia  (by  ionized  calcium  binding  adaptor  molecule  1  - 
Ibal),  astrocytes  (by  glial  fibrillary  astrocyte  protein  -  GFAP),  and  neurons  (by 
Crcsyl-violer  staining.  Methods;  Based  on  6  hours  of  immediare  [>ost-CA 
hypothermia  (T=33‘’C),  normothermia  (T=37'^C),  or  hyperthermia  (T-39^C), 
24  rats  were  evenly  divided  into  3  groups.  Temperature  was  maintained  using 
surface  cooling  and  warming.  Neurological  recovery  was  evaluated  using  the 
Neurological  Deficit  Score  (NDS).  Histological  evaluation  was  done  after  72  hrs 
post  CA.  Results:  Bener  recovery  by  NDS  72  hours  posr-CA  vvas  noted  in  rats 
treated  with  hypothermia  (median,  inrerquantle  range;  74,  61-74),  compared  co 
normothermia  (49,  47-61),  and  hyperthermia  (43,  0-50)  (p<0.00]).  There  was 
a  significantly  different  proportion  of  ischemic  neurons  by  HDS  in  cortex 
(hypothermia:  19.7±3.4%,  normothermia:  26.0±3.1%,  hyperthermia: 
54.6±7.8%,  pcO.OOl)  and  CAl  (p=0.004).  There  was  significant  less  Iba-l 
expression  in  CAl  in  hypothermia  compared  to  normothermia  and  hyperther¬ 
mia  groups  (p=0.00l).  No  difference  existed  for  GFAP  expression  in  cortex  or 
CAL  Conclusions:  The  enhanced  recovery  provided  by  hypothermia  and  the 
detrimental  effect  of  hyperthermia  were  supported  by  quantitative  ischemic  neu¬ 
ronal  injury  in  rats  after  CA.  While  neuronal  preservation  was  noted  more  with 
hypothermia,  the  brains  immune  response  also  showed  decreased  microglial 
activity.  Hypothermia  may  decrease  the  microglia  aaivation  in  response  of  cen¬ 
tral  nervous  system  ro  CA  than  hyperthermia  or  no  treatment  in  CAl  in  this 
injury  model.  No  difference  was  noted  in  the  astrocytic  activity  in  the  different 
groups.  Supported  by  NIH  R01HL071568  and  R21NS054146 
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PNPH,  A  NEUROPROTECTANT  HBOC: 

STUDIES  OF  IN  VIVO  AND  IN  VITRO  TRAUMATIC  BRAIN  INJURY 


Kochanek.  P.  M.‘.  Wu,  X.‘,  Ma,  L.^  Du,  L.‘,  Shellington,  D.‘,  Vagni,  V.‘,  Clark,  R.  S.  B.‘,  Hsia, 
C.  J.  C? 

'Safar  Center  for  Resuscitation  Research,  University  of  Pittsburgh,  Pittsburgh,  PA 
^SynZyme  Technologies,  Irvine,  CA,  United  Stales 
Email:  kochanekpm@ccm.upmc.edu 


The  combination  of  traumatic  brain  injury  and  hemorrhagic  shock  (TBI+HS)  is 
devastating  and  is  an  important  challenge  in  both  civilian  and  military  resuscitation.  Although 
Hemoglobin-based  Oxygen  Carriers  (HBOCs)  are  logical  candidates  for  resuscitation  in  this 
setting,  vasoactivity  and  neurotoxicity  are  obvious  limiting  concerns  for  clinical  translation. 
Polynitroxylated  pegylated  hemoglobin  (PNPH)  is  a  novel  modified  bovine  Hb  that  contains  14- 
15  antioxidant  nitroxide  moieties  along  with  pegylation  that  confer  putative  beneficial  properties. 
We  explored  the  effects  of  PNPH  in  three  models  relevant  to  TBI  resuscitation,  namely  1) 
experimental  TBI  in  mice  followed  by  90  rain  of  mild  volume-controlled  HS  and  resuscitation 
(Dennis  et  al,  J  Neurotrauma  2008),  2)  TBI  in  mice  followed  by  35  min  of  severe  pressure 
controlled  HS  and  resuscitation,  and  3)  in  vitro  studies  using  rat  cortical  neurons  alone  or 
exposed  to  an  excitotoxic  insult  (glutamate/glycine).  In  both  in  vivo  models,  PNPH  outperformed 
either  Lactated  Ringers  (LR)  or  Hextend  (HEX)  as  resuscitation  fluids  with  regard  to 
resuscitation  volume  required  and/or  blood  pressure  achieved.  PNPH  also  exhibited  favorable 
effects  on  both  recovery  of  brain  tissue  PO2  (Pbt02)  vs  LR,  and  neuronal  death  in  vulnerable 
hippocampus  vs  LR  or  HEX — as  assessed  using  fluorojade  staining.  Finally,  in  neuronal  culture, 
unlike  native  bovine  Hb,  PNPH  was  not  toxic  across  a  wide  range  of  concentrations  and 
surprisingly  attenuated  excitotoxic  neuronal  death — as  assessed  using  either  LDH  release  or 
MTT.  We  conclude  that  PNPH  is  a  unique  small  volume  resuscitation  solution  in  experimental 
TBI+HS  that  exhibits  neuroprotective  properties  both  in  vivo  and  in  vitro.  Given  the  possibility  of 
extravasation  of  HBOCs  into  brain  tissue  in  TBI  or  polytrauma  resuscitation,  PNPH  or  related 
nitroxylated  Hbs  may  represent  very  attractive  novel  small  volume  oxygen  therapeutic  agents. 
Support;  US  Array  PR05475 5 W81XWH06-0 1-0247  and  NS30318. 
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RECOMBINANT  HEMOGLOBINS  AS  RESUSCITATION  FLUIDS  IN  A 
MOUSE  MODEL  OF  TRAUMATIC  BRAIN  INJURY  PLUS  HEMORRHAGIC 
SHOCK 

Xtiinren  Wu*,  Nancy  T,  David  K.  Shellington'.  Chien  Ho^.  Vincent  Vagni', 
Virgil  Simplaceanu'.  Tong-Jian  Shen".  Patrick  M.  Kochanek' 

‘Sofnr  Center  far  Resuxcitatiifn  Research  University  tif  Pii/shur}{h  School  of 
MeJicine.  Pinshurfjh,  PA.  United  Stales.  'Carnegie  MeHon  University  Department  of 
Biological  Sciences,  Pittsburgh.  PA,  United  States 

Recombinant  hemoglobins  (rHbs)  hold  promise  as  novel  resuscitation  agents.  Trau¬ 
matic  brain  injury  (TBI)  plus  hemorrhagic  shock  fHS)  represent  a  devastating  combi¬ 
nation.  We  have  explored  the  physiological  effects  of  novel  recombinant  octameric  Mbs 
in  our  3 -phase  mouse  model  of  TBI  -I-  HS.  modified  to  have  a  HS  phase  of  35  min,  a  Pre- 
Hospital  Phase  of  90  min,  and  a  Hospital  Phase  of  15  min.  After  a  controlled  conical 
impact  TBI.  a  brain  tissue  PO2  (PbtO:)  probe  wa.s  inserted.  HS  was  induced  with  blood 
withdrawal  (2.3  ml/ 100 g)  over  1 5  min.  Mean  arterial  pressure  (MAP)  was  maintained 
at  25-27  mmHg  until  the  beginning  of  the  Pre-Hospital  Phase.  Mice  were  ihena.ssigned  to 
Lactated  Ringers  (LR)  or  rHb  groups  (n  =  6-9/ group).  Three  octameric  rHbs  have 
been  studied:  rHb  with  normal  Oj  affinity  [NA-Hb(otN78C)J.  rHb  with  high  O2  affinity 
[HA-Hb(aL29F/aN78C)].  and  rHb  with  low  O2  affinity  lLA-Hb{c<L29W/aN78C)l. 
After  bolu.sLR  or  rHb  (20  ml/kg),  additional  LR  or  rHb  (10  ml/kg/5  min)wa.s  given  (if 
MAP  <70  mmHg)  through  Pre-Hospital  Pha.se.  The  Hospital  Phase  commenced  with 
return  of  shed  blood.  Pre-Hospital  resuscitation  fluid  volume  was  >  4-fold  higher  in  LR 
group  (p<0.01).  MAP  normalized  only  in  the  rHb  groups  (p<0.0L  vs  LR).  Total 
blood  Hb  in  rHb  groups  wa.s  ■^2-3g/dI  higher  vs  LR  (p<0.05).  Lactate  wa.s  nor¬ 
malized  in  all  groups,  lowest  in  HA-Hb  group  (p  <  0.05).  Pbt02  was  numerically  lowest 
in  HA-Hb  group.  Octameric  rHbs  normalized  MAP  and  lactate  with  much  .smaller 
volume  than  LR  after  TBI  -I-  HS.  Differences  in  Hb  oxygen  affinity  could  not  account  for 
their  vasoactivity.  but  may  impact  PbtO^.  Current  studie.*;  are  examining  the  effect  of 
these  novel  rHbs  on  neuronal  death  and  brain  edema  in  TBI  resuscitation. 

Supported  by  NIH  R01GM084614  to  CH  and  US  Army  PR054755W81X 
WH06-0 1-0247  to  PMK. 
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POLOXAMER  P188  ATTENUATES  CELL  MEMBRANE  PERMEABILITY* 
AND  IMPROVES  HISTOPATHOLOGICAL  AND  FUNCTIONAL  OUTCOME 
FOLLOWING  TRAUMATIC  BRAIN  INJURY  IN  MICE 

Lamin  HAN  Mbve'.  Michael  J.  Whalen^ 

Massachusetts  General  Hospital.  Charlesiowti,  MA.  United  States.  'Harvard 
Medical  School,  Boston.  MA,  United  States 

Background:  Loss  of  plasma  membrane  Integrity  after  traumatic  brain  injury  is  a 
marker  of  cell  death.  Poloxamer  PI  88  (PI  88)  is  a  non-ionic  copolyrrter  that  promotes 
membrane  resealing  in  injured  celks.  We  tested  the  hypothesis  that  Pi88  rescals 
damaged  cell  membranes  and  promote,s  histopathological  and  functional  recovery 
following  controlled  cortical  impact  (CCT)  in  mice. 

MethckL::  Adult  CDl  or  C57/BL6  mice  were  administered  the  green  fluorescent  cell 
mennbrane  impermeant  dye  YOYO-1  intravenously  (IV)  immediately  before  CCl.  At 
1  hour,  P188  (5mM,  20ml/kg)  or  PBS  was  administered  IV.  Propidium  iodide  (PI) 
was  administered  IV  at  various  times  after  injury  and  mice  were  killed  10  min  later. 
Resealed  cells  were  iderttifiedas  YOYO- 1  +  /PI-.  Brain  edema  wa.sa.s.sessed  at  24h  by 
the  wet-dry  weight  method,  blood  brain  barrier  (BBB)  leakage  (1-24  h)  was  quanti¬ 
tated  using  Evans  Blue,  and  lesion  size  was  determined  by  image  analysis  at  2  week.s 
after  CCl.  Motor  and  cognitive  function  was  determined  by  wire  grip  and  Morris  water 
maze  tests,  respectively. 

Results:  P!88  induced  plasma  membrane  resealing  in  over  50%  of  initially  permea- 
bilized  cells  in  injured  cortex  and  hippocampus.  Spontaneou.s  membrane  resealing  was 
ob.served  after  6h  in  the  absence  of  PI 88.  P!88  also  reduced  brain  edema  by  45% 
(p<  0.005),  BBB  leakage  by  94%  (p<  0.005)*  brain  tissue  loss  by  29%  (p<0.05). 
motor  deficits  (p  <0  05  group  effect),  and  improved  cognitive  function  (p<  0.05  vs, 
vehicle)  after  CCl.  In  PJ-puIsc  labeling  experiments  designed  to  follow  the  fate  of 
injured  cells  overtime,  PI  88  did  not  rescue  injured  cells  from  eventual  death  after  CCl. 
Conclusions;  Po,stinjury  admini.stration  of  PI 88  reseals  permeable  cell  membranes 
and  improves  clinically  relevant  outcome  measures  after  CCl  in  mice.  These  beneficial 
effects  are  not  a.ssociated  with  long  term  survival  of  rescaled  cells  in  brain,  implicating 
mechanisms  other  than  rescue  of  injured  cells  per  se. 
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NON-CLINICAL  RESULTS  OF  THE  ECE/NEP  INHIBITOR  SLV334,  A  NEW 
THERAPEUTIC  CLASS  TO  BE  INVESTIGATED  IN  TRAUMATIC  BRAIN 
INJURY  (TBI) 

Bernard  Vanvliei'.  Tinka  Tuinstra',  Robert  Hamm',  Hrissanthi  Ikonomidou\  Les 
Turski' 

^Sofvay  Pharmaceutical.^  Research  Laboratory,  Weesp,  Netherlands.  ‘Virginia 
Commonwealth  University,  Richmond.  VA.  United  Stales.  ^Univer.Vily  nf  Wisconsin. 
Madison,  Wf  United  Slates 

Introduction:  SLV334,  a  metallopro tease  inhibitor,  is  in  clinical  development  for 
TBI.  It  inhibits  endothelin  converting  enzyme  (ECE),  preventing  formation  of  the 
vasoconstrictor  endothelin- 1  (ET-1)  from  its  precursor  Big  endothelin- 1  (8ig-ET-l). 
SLV334  also  inhibits  neutral  endopepiida.se  (NEP),  preventing  the  breakdown  of  na¬ 
triuretic  peptides,  i.e.  atrial  natriuretic  peptide  (ANP). 

Purpose;  To  show  the  effect:  on  enzyme  inhibition:  on  secondary  damage,  at  the  site 
of  impact  and  also  on  impaired  motor  and  cognitive  funcrion  seen  in  animal  models 
after  TBI. 

Methods:  SLV334'.s  enzyme  inhibition  was  studied  in  vitro  and  its  functional  an¬ 
tagonistic  activity  in  a  Big-ET-1  induced  constrictory  response  in  a  rabbit  saphenous 
artery  assay  and  in  Big-£T- 1  induced  hypenen.sion  in  anesthetized  rats.  Subsequently. 
SLV334  was  tested  in  experimental  modefs  of  TBI  in  rats.  Conical  damage  and 
hippocampal  CA3  damage  were  examined  in  a  controlled  conical  impact/weight  drop 
(CCl)  model.  3  days  post- injury.  Moreover,  the  effect  on  impaired  vestibular  motor 
(beam  walking  on  day  I.  3,  7  post-injury)  and  cognitive  function  ( Morris  water  maze 
on  day  14—17  post- injury)  was  studied  in  a  fluid  percu,ssion  injury  (FPI)  model. 
Results:  SLV334  inhibited  the  enzymatic  activity  of  hECE-l  (from  Sf9  cells;  iC^o 
374  nM)  and  NEP  (from  guinea-pig  cortex:  ICso  4nM)  in  vitro  and  antagonized  the 
Big-ET-1  induced  constriction  in  the  artery  as.say  (1C50  ^  1  nM)  and  hypenension 
(IDio  ^17  mg/kg  iv  bolus).  Injection  of  SLV334  (lO^g  '^0.02/^mol  iev  and  30. 
100 mg/kg  iv  bolu.s)  15'  post-CCl-injury  elicited  10-20%  significant  reduction  of 
neuronal  lo,ss  in  the  CA3  subfield  of  the  hippocampus.  SLV334  (100  mg/kg  iv  bolu.s) 
tested  4h  post-injury  also  showed  significant  protection.  SLV,334  (100,  300  mg/kg  iv 
bolus)  4h  post-CCl-injury  showed  significant  reduction  in  the  amount  of  cortical 
damage  at  the  site  of  impact.  The  same  dose  4  h  post -FPI -injury  significantly  reduced 
the  trauma- induced  deficits  in  motor  function  and  cognitive  function.  SLV334 
(300  mg/kg  iv  bolus)  also  tested  after  extended  periods  post-injury  (8,  24,  48  h)  was 
effective  upto24h  post-injury. 

Conclusion:  SLV334‘s  enzyme  inhibition  was  shown  in  pharmacology  studies;  in  TBI 
models,  SLV334  not  only  prevented  .secondary  damage  in  the  hippocampus,  but  was 
al.so  neuroproteciive  at  the  site  of  impact,  and  improved  motor  and  cognitive  function 
after  TBI.  even  after  administration  up  to  24  hours  after  injury.  TTie  overall  results  in 
two  different  non-clinical  TBI  models  suggest  that  SLV334  might  have  therapeutic 
potential  in  the  treatment  of  TBI  in  humans. 
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MITOCHONDRIAL  PROTECTION  AFTER  TRAUMATIC  BRAIN  INJURY 
BY  SCAVENGING  LIPID  PEROXYL  RADICALS 

Avman  Mustafa.  Indrapal  Singh.  Kimberly  Carrico.  Edward  Hall 
University  of  Kentucky,  Lexington,  KY,  United  States 

Lipid  peroxidation  (LP)-mediated  oxidative  damage  is  initiated  after  traumatic  brain 
injury  (TBI)  by  the  action  of  reactive  oxygen  and  reactive  nitrogen  species  (e.g. 
peroxynitrite),  and  is  catalyzed  by  an  iron -dependent  mechanism.  However,  lipid 
peroxyl  radicals  (LOO  )  are  the  central  propagators  of  LP  reactions  across  cellular  and 
mitochondria]  membrane.';  leading  to  irreversible  loss  of  mitochondrial  respiration, 
oxidative  phosphorylation  and  ion  transport  which  is  implicated  in  neuronal  cell  death. 
The  aim  of  this  .study  was  to  pharmacologically  validate  the  role  of  lipid  peroxyl 
radicals  in  post-traumatic  LP  in  cortical  tis.sue  and  mitochondria  and  define  its  con¬ 
tribution  to  the  loss  of  mitochondrial  bioenergetics  after  controlled  cortical  impact 
(CCl-TBI)  In  male  CF-1  mice  using  the  potent  and  selective  lipid  peroxyl  radical 
scavenger  U-83S36E  (Hall  et  al.  J.  Pharmacol,  Exp.  Ther.  258:688-694.  1991).  Two 
sets  of  mice  were  randomized  into  sham,  saline- treated  and  U-83836E  treated  (3.0 
mg/kg)  groups.  The  sham  group  received  only  craniotomy  with  no  further  treatment, 
whereas  both  saline-  and  U-838 3 6E- treated  groups  received  craniotomy  and  were 
subjected  to  severe  (1.0  mm  impact  depth)  CCI-TBl  followed  by  I.V  (tail  vein)  in¬ 
jection  of  the  a.ssigned  treatment  at  15  minute.s  post-injury.  The  first  set  of  animals  was 
sacrificed  at  3h  post-injury  to  analyze  oxidative  damage  markers  in  cortical  tis¬ 
sue  homogenates.  The  injury  caused  a  dramatic  increase  in  both  4-hydroxynonenaI 
(4-HNE)  and  3-nitrotyrosine  (3-NT)  which  are  specific  markers  of  LP  and  protein 
nitration  respectively.  The  drug  significantly  reduced  levels  of  4-HNE  and  3-NT 
in  cortical  tissues.  In  the  second  set  of  animals  the  injury  caused  a  significant  increase 
in  4-HNE  and  3-NT  and  a  marked  reduction  in  mitochondrial  suie  III  respiration 
rate  (ATP  synthesis  capacity)  in  cortical  mitochondria  harvested  at  12  hrs  post-injury. 
U-83836E  treatment  was  able  to  significantly  attenuate  levels  of  4-HNE  and  3-NT  and 
salvage  mitochondrial  respiratory  function.  These  findings  help  to  validate  lipid  per¬ 
oxyl  radicals  as  an  important  mediator  of  post-traumatic  oxidative  damage  and  mito¬ 
chondrial  dysfunction.  They  also  suggest  that  LP  contributes  to  peroxy nitrite-mediated 
protein  nitration.  Future  work  is  aimed  at  exploring  whether  selective  scavenging  of 
lipid  peroxyl  radical.s  will  mitigate  neurodegeneration  after  TBI. 

Supported  by  5R01  NS046566  and  5P30  NS051220. 
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EFFECT  OF  SELECTIVE  BRAIN  COOLING  ON  ACUTE  NEUROPATHO- 
GICAL  CHANGES  FOLLOWING  PENETRATING  BALLISTIC-LIKE 
BRAIN  INJURY  IN  RATS 

Guo  Wei.  Xiaof'ang  Y;ing.  Frank  C  Tortella.  Xi-Chun  M  Lu 
Walter  Reed  Army  fnatduie  of  Research,  Silver  Sprint^.  Uititeel  States 

Hypothermia  is  clinically  neuroprotective  against  brain  injury,  but  systemic  side  ef¬ 
fects.  such  as  hypotension,  can  be  caused  by  whole  body  cooling.  We  previously 
reported  that  selective  brain  cooling  (SBC)  significantly  attenuates  the  acute  elevation 
of  intracranial  pressure  (ICP)  following  penetrating  ballistic-like  brain  injury  (PBBl) 
in  rats.  To  determine  the  neuroprotect ive  effect  of  SBC  on  acute  neuropathological 
changes  following  PBBl.  we  mea.sured  lesion  size,  hemorrhage,  brain  edema,  blood- 
brain  barrier  permeability,  and  neurological  functional  recovery  at  24 h  post-PBBl. 
SBC  C  below  the  baseline  brain  temperature)  was  induced  in  anesthetized  rats 
within  30  min  after  10%  right  frontal  PBBl  by  extraluminal  cooling  of  bilateral 
common  carotid  arteries  (CCA)  using  cooling  cuffs,  and  maintained  for  2h  before 
spontaneou.s  re-warming  was  allowed.  The  body  temperature  was  regulated  ar  37 'C 
using  a  heating  blanket.  The  control  rats  received  either  PBBl  or  probe  penetration 
only  without  SBC.  The  results  showed  that  SBC  significantly  reduced  PBBI-induced 
increases  in  lesion  size,  hemorrhage,  brain  edema,  and  BBB  permeability  (o  albumin 
(by  40.3%.  43.1%.  44  6%  and  44.2%.  respectively)  at  24 h  post-PBBl.  Results  of 
neurological  sctire  assessments  also  showed  that  SBC  promoted  significant  functional 
recovery  24  h  post-PBBl  compared  to  untreated  PBBl  injured  rats  (/><  .0,S).  These 
results  demonstrated  a  neuroprotective  effect  of  SBC  on  PBBl.  Current  studies  are 
underway  evaluating  longer  recovery  times  and  cooling  periods  as  a  possible  thera¬ 
peutic  strategy  for  severe  TBl. 
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EFFECTS  OF  MINOCYCLINE  ON  MICROGLIAL  ACTIVATION  AND 
DIFFUSE  AXONAL  INJURY  FOLLOWING  TRAUMATIC  BRAIN  INJURY 
IN  MICE 

Mehmaz  Jafarian-Tehrani.  Shadi  Homsi,  Toma.so  Piaggio.  Nicole  Croci,  Michel 
Ploikine,  Catherine  Marchund-Leroux 
Untveisne  Paris  Descartes,  Paris,  France 

Introduction:  Minocycline  has  shown  to  exert  anti-inflammatory  and  neuroprotective 
etfects  in  several  animal  models  of  neurodegenerative  disea.ses  and  acute  brain  in¬ 
juries.  However,  the  effect  of  minocycline  on  the  consequences  of  traumatic  brain 
injury  (TBl)  is  still  not  fully  inve.siigated.  Since  neuroinflammaiion  and  diffuse  axonal 
injury  (DAI)  are  two  consequences  of  TBl,  we  investigated  the  effects  of  minocycline 
on  the  TBi-induced  microglial  activation,  and  axonal  accumulation  of  ^-amyloid 
precursor  protein  (/J-APP)  as  markers  of  neuroinflammation  and  DAI  ( I ).  respectively. 
Methods;  The  weight  drop  model  was  used  to  induce  TBl  in  mice  (2).  Microglial 
activation  and  DAI  were  evaluated  by  immunohistochemi.stry  using  CDllb  and 
/?-APP  markers,  respectively.  Minocycline  was  administered  either  1)  three  times 
5  min  (90  mg/kg,  i.p  ).  3  and  9h  (45  mg/kg,  i.p.)  following  TBl  (short-term  protocol), 
or  2)  six  time.s  5  min  (90  mg/kg,  i.p.),  .3. 9.  24,  36  and  48h  (45  mg/kg.  i.p.)  following 
TBl  (long-term  protocol).  The  levels  of  CD  1  I  band  ^-APP  were  evaluated  at  24  (shon- 
term  prottx:ol)  or  72b  post-TBl  (long-term  protocol). 

Results;  The  kinetic  studies  of  post-TBl  microglial  activation  and  DAI  showed  an 
increase  of  CD-I  lbimmunolabeIlinga.s  well  a.san  acute  axonal  accumulation  of  fi- APP 
from  6h  up  to  72h  post-T8I.  While  minocycline  treatment  decreased  the  elevation  of 
posi-TBI  CD  I  lb  marker  in  the  short-term  protocol  (P  <  0.05),  it  was  devoid  of  effect 
in  the  long-term  protocol.  Besides,  minocycline  had  no  .significant  effect  on  the  TBl- 
induced  axonal  accumulation  of  /?-APP  in  none  of  the  protocols  used  in  this  study. 
ConcliLsion:  Treatment  with  minocycline  wa.s  able  to  reduce  the  TBl- induced  mi¬ 
croglial  activation  in  the  short-term  protocol.  However,  it  wa.s  not  able  to  reduce  the 
traumatic  axonal  injury  suggesting  that  under  our  experimental  conditions  the  mi¬ 
croglial  activation  does  not  affect  DAI  following  TBl. 

1)  Stone  et  al.  Brain  Res.  2000:87 1(2);288-302. 

2)  Hellal  et  al.  J  Neurotrauma.  2003;20:841-51. 
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RESUSCITATION  OF  TRAUMATIC  BRAIN  INJURY  AND  HEMORRHAGIC 
SHOCK  WITH  CRYSTALLOID  AND  COLLOID  THERAPIES;  EFFECTS  ON 
ACUTE  RESUSCITATION  PARAMETERS,  SURVIVAL,  AND  NEURONAL 
DEATH 

Jennifer  Exo’.  David  Shellirgton',  Vincent  Vagni^  Keri  Feldman".  Li  Ma'^.  Carleton 
Hsia\  Robert  S.B.  Clark'.  Hulya  BayirV  Lorry  Jenkins',  C.  Edward  Dixon".  Patrick 
Kochanek" 

^University  of  Pittshur^h  Department  of  Critical  Care  Medicine,  Pittsburf^h,  PA, 
United  States,  'Safar  Center  for  Resuscitation  Research,  Pittsburgh,  PA.  United 
Slates.  'Synzytne  Tecluioloj^ies.  Irvine.  CA,  United  States 

Outcome  after  traumatic  brain  injury  (TBl)  is  worsened  by  hemorrhagic  shock  (HS), 
and  the  choice  of  treatment  with  crystalloid  or  colloid  therapy  is  the  subject  of  intense 
debate.  Commonly  used  fluids  include  crystalloid  lactated  Ringers  (LR).  and  colloids 
human  serum  albumin  (HSA)  and  Hextend  (HEX).  Polynitroxyl  albumin  (PNA. 
Synzyme)  is  a  novel  colloid  composed  of  an  albumin  molecule  with  55  nitroxyl 
moieties.  PNA.  alone  or  administered  with  Tempol  (PNA+).  had  favourable  effects  in 
HS.  stroke,  and  cerebral  hemorrhage  models  (Kentner.  2002).  We  hypothesized  that 
resuscitation  with  the  colloids  HEX.  HSA.  PNA,  nr  PNA-(-  is  equal  to  or  better  than 
resuscitation  with  the  crystalloid  LR.  Isoflurane  ane.sthetized  C576L6  mice  (n  =40) 
underwent  controlled  cortical  impact  (CCl)  and  90  min  of  HS  (2.0cc/l00g,  MAP 
'.35mmHg).  Mice  were  randomized  to  resuscitation  with  LR.  HEX.  HSA.  PNA  or 
PNA-(-.  followed  by  .30 min  of  test  fluid  administration  targeting  MAP  >50mmHg 
(prehospital  phase).  Shed  blood  was  returned  and  MAP>  60mmHg  targeted  (hospital 
phase).  MAP,  fluid  volume  required.  7d  survival,  and  hippocampal  CAl  and  CA3 
neuron  counts  were  a.ssessed.  MAP  at  the  end  of  HS  did  not  differ  between  groups. 
HEX,  HSA.  PNA.  PNA-t-  achieved  significantly  higher  MAP  in  the  prehospital  pha.se 
v.s  LR  (58.35  ±  1.27  mmHg,  59.65  ±  1.23  mmHg.  60.69  ±  1 .39  mmHg.  69.15  ± 
1.69  mmHg,  vs.  50.27  ±  1.84  mmHg.  respectively,  ANOVA  P<0.01).  Prehospital 
and  total  fluid  volumes  required  were  significantly  less  for  HEX,  HSA.  PNA,  and 
PNA+  vs  LR  (0.23±0.02ml,  0. 14  i  0.0 1  ml.  0.17±0.02mi.  0.26  ±  0.04ml  vs. 
0.81  ±  0.07ml,  respectively.  ANOVA  P<0.01).  No  group  required  fluid  administra¬ 
tion  during  the  hospital  phase.  There  wa.s  no  significant  difference  in  survival  at  7  days 
(5/8  LR.  6/8  HEX.  6/8  HSA,  5/8  PNA.  7/8  PNA-h).  CA  1  neuronal  loss  did  not  differ 
significantly  between  groups  (LR  29.24  ±5.56%.  HEX  35.68  ±6.51%,  HSA 
44.41  ±3.75%  PNA  34.34  ±5.72%,  PNA±  21 .85  ±  8.21  %).  CA3  neuronal  loss  also 
did  not  differ  between  group.s.  Our  data  suggest  that  colloids  HEX.  HSA.  PNA,  and 
PNA±  confer  acute  benefit  without  deleterious  effects  on  survival  and  hippocampal 
neuronal  death  vs.  crystalloid  LR  after  combined  TBl  ±  HS.  Further  studies  assessing 
the  effects  of  these  therapies  on  ICP  and  cognitive  outcome  arc  currently  underway. 

Support:  US  Army  PR054755  W81XWH-06-I0247.  T-32  HD  040686. 
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PNPH,  A  NEUROPROTECTANT  HBOC:  STUDIES  OF  IN  VIVO  AND  IN 
VITRO  TRAUMATIC  BRAIN  INJURY 

Pauick  M.  Kochanek*.  Xiuinen  Wu',  Lina  E)u',  Li  Ma\  David  K.  Shellington',  Vincent 
Vagni'.  Keri  Janesko-Fdtlnuul*.  Robert  S.B.  Clark’.  Hiilya  Bayir',  Carleton  Hsia" 

’ Safar  Center  for  Resuscitation  Research  University  of  Pittsburgh  School  of 
Medicine.  Pitishur^h,  PA,  United  States,  'SynZytne  Technologies,  LLC„  Irvine.  CA, 
United  States.  ^Georftia  .Southern  University.  Georgia,  United  States 

The  combi nafion  of  traumatic  brain  injury  and  hemorrhagic  shock  (TBl  +  HS)  is 
devastating  and  is  an  important  challenge  in  both  civilian  and  nruliiary  resuscitation. 
Although  hemoglobin  blood  oxygen  carriers  (HB(XIs)  are  logical  candidates  for  rc- 
.suscitation  in  thi.s  setting,  vasoactivity  and  neurotoxicity  are  obvious  limiting  concerns 
for  clinical  translation.  Polynitroxylated  pegylated  hemoglobin  (PNPH)  is  a  novel 
bovine  Hb  that  contains  14-15  antioxidant  nitroxide  moieties  along  with  pegylaiion 
that  confer  putative  beneficial  properties.  We  previously  reported  beneficial  effects  of 
PNPH  in  an  esublished  model  of  volume  controlled  HS  after  CCl  in  mice.  We  now 
explore  the  effects  of  PNPH  in  two  models  relevant  to  TBl  resuscitation,  namely  1) 
TBl  in  mice  followed  by  35  min  of  severe  pressure  controlled  HS  and  resuscitation,  and 
2)  in  vitro  studies  using  rat  cortical  neurons  alone  or  exposed  to  an  excitoloxic  insult 
(glutamate/glycine).  In  the  /n  vivo  model,  PNPH  ourperformed  Lactated  Ringers  (LR) 
as  a  resuscitation  fluid  with  regard  to  resu.scitation  volume  required  and  blood  pressure 
achieved  ( /><0.05).  PNPH  also  exhibited  favorable  effects  on  both  recovery  of  hip¬ 
pocampal  brain  tissue  POj  tension  (PbtOi)  vs  LR  (/><0.05).  and  neuronal  death  in 
vulnerable  regions  of  the  hippocampus  vs  LR  (/?<0,05).  Finally,  in  vitro  studies 
showed  that  unlike  native  bovine  Hb.  PNPH  was  not  toxic  across  a  wide  range  of 
concentrations  (p  <0.05  vs  bovine  Hb)  and  surprisingly  attenuated  exciiotoxic  neu¬ 
ronal  death — as  asses.sed  using  either  LDH  release  or  MTT.  Remarkably,  PNPH  (but 
not  control  bovine  Hb)  also  attenuated  glutamate/glycinc-mediated  neuronal  death  in 
culture  (p<  0.05  vs  glutamate/glycine).  We  conclude  that  PNPH  is  a  unique  small 
volume  re.suscitation  solution  in  experimental  TBl  -I-  HS  that  exhibits  neuroprotective 
properties  both  in  vivo  and  in  vitro.  Given  the  possibility  of  extravasation  of  HBCiC.s 
into  brain  tissue  in  TBl  or  polytrauma  resuscitation.  PNPH  or  related  nitroxylated  Hbs 
may  represent  very  allraclive  novel  small  volume  oxygen  therapeutic  agents. 

Support:  US  Army  PR054755W81XWH06-0I-0247  and  NS30318. 
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Novel  Recombinant  Hemoglobins  (rHb)  for  Traumatic  Brain  Injury  Resuscitation 
in  Mice 

**  Xianren  Wu,  M.D..  Nancy  Ho,  David  Shellington,  M.D.,  Chien  Ho,  Ph.D.,  Patric  Kochanek,  M.D. 
Anesthesiology,  University  of  Pittsburgh,  Pittsburgh.  Pennsylvania 

Introduction:  Genetically  engineered  hemoglobin  (Hb)  products  hold  promise  as  novel  resuscitation  agents  for 
trauma  patients.  Traumatic  brain  injury  combined  with  hemorrhagic  shock  (TBI+HS)  represents  a  devastating 
combination.  Our  recent  studies  demonstrated  that  Hb  based  products  have  potential  for  neuroprotection  in 
resuscitation  of  TBI+HS  (1),  We  now  explored  the  physiological  effects  of  novel  recombinant  octameric  Hbs  in 
our  mouse  model  of  TBI+HS. 

Methods:  A  3-phase  mouse  TBI+HS  model  (2)  was  modified  to  have  a  HS  phase  of  35  min.  a  Pre-Hospital 
Phase  of  90  min,  and  a  Hospital  Phase  of  15  min.  After  a  standardized  controlled  cortical  impact  (CCI)  to  the 
left  parietal  cortex  was  delivered,  a  PO  2  probe  was  inserted  through  the  left  frontal  craniotomy  to  a  depth  of  2 

mm  into  dorsal  hippocampus.  HS  was  induced  with  blood  withdrawal  (2.3  ml/IOOg)  over  15  min.  Mean  arterial 
pressure  (MAP)  was  then  maintained  between  25-27  mmHg  for  additional  20  min.  At  the  beginning  of  the  Pre- 
Hospital  Phase,  mice  were  assigned  to  LR  (n=6)  or  rHb  groups  (n=7-9  each  group).  Three  rHbs  were  studied: 
rHb  with  normal  O  2  affinity  (NA-Hb)(aN78C),  rHb  with  high  O  2  affinity  (HA-Hb)(aL29F+aN78C),  and  rHb  with 

low  O  2  affinity  (LA-Hb)  (aL29W+aN78C).  After  an  initial  bolus  of  LR  or  rHbs  (20  ml/kg),  a  continuous  infusion 

of  LR  at  20  mt/kg/h  was  started.  Additional  LR  or  rHb  solutions  (10  ml/kg  per  5  min)  was  given  if  MAP  was  <70 
mmHg  through  the  Pre-Hospital  Phase.  The  Hospital  Phase  was  started  with  100%  O  2  and  return  of  all  shed 
blood.  Mice  were  observed  to  24  h. 

Results:  There  were  1-2  animal  deathes  during  the  Pre-Hospital  Phase  in  each  group.  The  total  volume  of 
resuscitation  fluid  during  the  Pre-Hospital  Phase  was  50±0  ml/kg  in  rHb  groups,  and  198±30  ml  in  the  LR 
groups  (p<0.01).  MAP  was  normalized  only  in  the  rHb  groups  (p<0.01,  vs  LR),[figure1]The  initial  MAP  in  the 
NA-Hb  group  was  higher  than  other  two  rHb  groups  (p<0.05).  At  the  end  of  the  Pre-Hospital  Phase,  total  blood 
Hb  levels  in  rHb  groups  were  about  2-3  g/dl  higher  than  that  in  the  LR  group  (p<0.05).  Lactate  levels  were 
normalized  in  all  groups  with  the  lowest  level  in  the  HA-Hb  groups  (p<0.05).  Brain  tissue  O  2  was  numerically 

lowest  in  the  HA-Hb  group  (p>0.05).[figure2]  Conclusion:  Octameric  rHbs  normalized  systemic  blood  pressure 
and  systemic  metabolism  with  much  smaller  volume  than  LR  in  resuscitation  of  TBI+HS  in  mice.  Differences  in 
oxygen  affinity  of  Hbs  could  not  account  for  their  vasoactivity,  but  may  impact  brain  tissue  PO  2  > 

References: 

1.  Shellington  D.  et  al.  Grit  Care  Med  36(Suppl):A5,  2008 

2.  Dennis  AM,  et  al.  J  Neurotrauma.  2008  [Epub]. 
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Polynitroxylated  Pegylated  Hb  (PNPH)  in  Resuscitation  of  Traumatic  Brain 
Injury  +  Hemorrhagic  Shock 

**  Xianren  Wu,  M.D.,  Lina  Du,  M.D.,  Li  Ma,  Ph.D.,  David  Shellington,  M.D,,  Patrick  Kochanek,  M.D. 
Anesthesiology,  University  of  Pittsburgh,  Pittsburgh,  Pennsylvania 

Introduction:  The  combination  of  traumatic  brain  injury  (TBI)  and  hemorrhagic  shock  (HS)  poses  a  special 
challenge  to  resuscitation  medicine.  Previously  we  found  promising  neuroprotective  effects  of  PNPH  (bovine)  in 
resuscitation  of  TBI  plus  HS  in  mice.  However,  hemoglobin  (Hb)  that  leaks  into  the  brain  parenchyma  after  TBI 
is  expectedly  neurotoxic.  The  current  study  explored  possible  mechanisms  that  underlie  the  benefits  of  PNPH 
both  in  vivo  and  in  vitro  . 

Methods:  In  vivo  Study :  We  used  an  established  model  of  combined  TBI  plus  HS  in  mice  that  includes  two 
phases,  i.e.,  a  prehospital  phase  followed  by  a  hospital  phase.  Brain  tissue  PO  2  (PbtO  2  )  was  monitored 

ipsilateral  to  controlled  cortical  impact  TBI.  At  the  beginning  of  prehospital  phase,  mice  were  randomized  to 
lactated  Ringers  (LR)  or  PNPH  (20ml/kg)  groups  (n==9  each)  to  90  min.  Hospital  phase  was  then  started  with 
100%  O  2  and  return  of  shed  blood.  Mice  were  observed  to  24  h  and  then  sacrificed  for  neuropathology.  In  vitro 

study:  Primary  cortical  neuron-enriched  cultures  were  prepared  from  16  to  17-day-old  Sprague-Dawley  rat 
embryos.  Cell  vitality  [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyitetrazolium  bromide  (MTT)  test]  and 
neurocytotoxicity  [lactate  dehydrogenase  (LDH)  levels]  were  determined  24  h  after  incubation  of  cells  with 
bovine  Hb  or  PNPH;  Possible  neuroprotedive  effeds  were  evaluated  24  h  after  incubation  of  cells  with  a 
mixture  of  glycine/glutamate  and  individual  test  Hb  agent  at  concentrations  ranging  from  0.63  to  12.5  mM. 

Results:  In  vivo  Study :  During  prehospital  phase,  PNPH  treatment  normalized  MAP  with  %  of  the  volume  vs. 
LR  (total  206±20  vs.  51  ±4  ml/kg,  p<0.01),  while  hypotension  in  the  LR  group  persisted  (p<0.01).  PbtO  2 

decreased  to  <20%  of  baseline  in  both  groups  during  HS,  but  improved  after  treatment  and  finally  reached 
64±36%  of  baseline  in  the  PNPH  group.  In  contrast,  initial  recovery  of  PbtO  2  deteriorated  steadily  in  the  LR 

group  (28±16%  at  the  end  of  prehospital  phase;  vs.  PNPH,  p<0.05).[figure1]Neuropathology  showed  less  CA1 
neuronal  injury  in  the  PNPH  group  (vs.  LR,  p<0.05).[figure2]  In  vitro  Study:  At  tested  concentrations,  bovine  Hb 
produced  marked  neurotoxicity.  Remarkably,  no  neurotoxicity  was  deteded  with  PNPH.  Incubated  with 
glycine/glutamate,  bovine  Hb  did  not  provid  neuroprotection.  Surprisingly,  PNPH  reduced  injury  by  ^50%  as 
compared  to  bovine  Hb. 

Conclusion:  Our  data  support  multiple  potential  beneficial  effeds  of  PNPH  in  TBI  +HS  resuscitation.  First, 
PNPH  improved  O  2  delivery,  reduced  volume  requirement,  and  yielded  superior  hemodynamics  vs.  LR. 

Second,  PNPH  is  devoid  of  the  typical  neurotoxic  effects  of  Hb  and  exhibits  direct  neuroprotective  properties 
vs.  excitotoxicity. 

From  Proceedings  of  the  2009  Annual  Meeting  of  the  American  Society  Anesthesiologists. 
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Novel  approaches  in  resuscitation  and  therapy  of  blast  TBI  and  polytrauma 

Patrick  M.  Kochanek,  Larry  Jenkins,  Robert  Garman,  Robert  SB  Clark,  Lina  Du,  C. 
Edward  Dixon,  Hulya  Bayir,  Edwin  K.  Jackson,  Valerian  Kagan,  Li  Ma,  PhD,  Carleton 
Hsia,  Steve  Parks,  David  Ritzel,  and  Richard  Bauman. 

Blast-induced  traumatic  brain  injury  (TBI)  with  or  without  polytrauma  has  taken  on  great 
importance  in  combat  casualty  care.  We  have  pursued  an  enhanced  understanding  of 
these  processes  through  studies  in  both  in  vivo  rodent  models  including  the  development 
of  a  model  of  air  blast  injury  in  rats  with  thoracic  and  abdominal  protection  and  the  use  of 
a  novel  mouse  model  of  combined  TBI  plus  hemorrhagic  shock  (TBH-HS),  and  an  in 
vitro  model  of  neuronal  stretch.  In  studies  of  blast-induced  TBI  in  rats,  we  examined  an 
injury  level  that  produced  75%  survival  and  serially  assessed  brain  sections  over  2  wks 
after  injury  using  H&E  (conventional  neuropathology),  Iba-1  (microglial  response), 

GFAP  (astrocyte  response),  and  amino  curpric  silver  (for  neuronal  and  nerve  process 
damage)  staining.  Silver  staining  was  the  most  sensitive  assessment  tool  and  revealed 
extensive  damage  to  axons  and/or  nerve  terminals  in  cerebellum,  brain  stem,  and 
hippocampus.  In  TBI+HS,  neuronal  death  was  exacerbated  vs  TBI  alone.  Use  of  the 
novel  agent  polynitroxylated  pegylated  hemoglobin  (PNPH)  as  a  small  volume 
resuscitation  solution  improved  brain  tissue  oxygen  levels  in  the  injured  hippocampus 
and  attenuated  neuronal  death  vs  conventional  fluids  such  as  lactated  Ringers  or  Hextend. 
Surprisingly,  PNPH  was  also  neuroprotective  in  neuronal  stretch  in  culture — a  system 
where  control  Hb  was  neurotoxic.  Benefit  of  PNPH  likely  is  conferred  by  the  covalent 
linkage  of  15  nitroxide  moieties.  We  are  also  exploring  the  potential  secondary  injury 
cascades  with  tools  such  as  gene  array  and  oxidative  lipidomics  and  testing  other 
resuscitation  strategies  and  therapies  in  these  models  including  the  impact  of 
hyperventilation  and  hyper-oxygenation,  putative  neuroprotective  agents  such  as 
progesterone,  poloxamer-188,  deferoxamine,  FK-506,  and  minocycline,  along  with 
nutraceuticals  such  as  caffeine,  sulforaphane,  and  resveratrol,  among  other  therapies.  In 
conclusion,  our  data  suggest  that  rodents  can  be  used  to  appropriately  model  blast  TBI 
and  polytrauma.  Amino  cupric  silver  staining  may  represent  a  key  tool  to  examine 
therapeutic  approaches  to  blast  TBI.  Finally,  novel  covalently-modified  Hbs,  such  as 
PNPH,  may  represent  a  paradigm  shift  in  TBI  resuscitation.  Support:  USAMRAA 
PR054755  W81XWH-06- 1-0247  and  DARPA. 


